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GENERAL INTRODUCTON 


American Chemical Society’s Series of Chemical Monographs 

By arrangement with the Interallied Conference of Pure and Applied 
Chemistry, which met in London and Brussels in July, 1919, the Amer- 
ican Chemical Society was to undertake the production and publication 
of Scientific and Technologio Monographs on chemical subjects. At the 
same time it was agreed that the National Research Council, in coopera- 
tion with the American Chemical Society .and the American Physical 
Society, should undertake the production and publication of Critical 
Tables of Chemical and Physic^ Constants. The American Chemical 
Society and the National Research Council inutually agreed to care for 
these two fields of chemical progress. The American Chemical Society 
named as Trustees, to make the necessary arrangements of the publi- 
cation of the Monographs, Charles L. Parsons, secretary of the Society, 
Washington, D. C.; the late John E. Teeple, then treasurer of the So- 
ciety, New York; and the late Professor Gellert Alleman of Swarthmpre 
College. The Trustees arranged for the publication of the ACS Series 
of (a) Scientific and (b) Technological Monographs by the Chemical 
Catalog Company, Inc. (Reinhold Publishing Coi^oration, successor) of 
New York. 

* 

The Council of the American Chemical Society, acting through its 
Committee on National Policy, appointed editors (the present list of 
whom appears at the close of this sketch) to select authors of competent 
authority in their respective fields and to consider critically the manu- 
scripts submitted. 

The first Monograph of the Series appeared in 1921. After twenty- 
three years of experience certain modifications of general policy were 
indicated. In the beginning there still remained from the preceding five 
decades a distinct though arbitrary differentiation between so-called 
“pure science’* publications and technologic or applied science literature. 
By 1944 this differentiation was fast becoming nebulous. Research in 
private enterprise had grown apace and not a little of it was pursued 
on the frontiers of knowledge. Furthermore, most workers in the sciences 
were coming to see the artificiality of the separation. The methods of 
both groups of workers arc the same. They employ the same instru- 
mentalities, and frankly recognize that their objectives arc common, 
namely, the search for new knowledge for the service of man. The officers 
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of the Societ7 therefore combined the two editorial Boards in a single 
Board of twdve representative members. 

Also in the begmning of the Series, it seemed expedient to construe 
rather broadly the definition of a Monograph. Needs of workers had to be 
recognized. Consequently among the first hundred Monographs appeared 
works in the form of treatises covering in some instances rather broad 
areas. Because such necessary works do not now want for publishers, it is 
considered advisable to hew more strictly to the line of the Monograph 
character, which means more complete and critical treatment of rela- 
tivdy restricted areas, and, where a broader field needs coverage, to 
subdivide it into logical subareas. The prodigious eiq>ansion of new 
knowledge makes sudi a change desirable. 

liiese Monographs are intended to serve two principal purposes; first, 
to make available to chemists a thorough treatment of a selected area in 
form usable by persons working in more or less unrdated fields to the 
end that they may correlate their own work with a larger area of physical 
science discipline; second, to stimulate further research in the specific 
fidd treated. To implement this purpose the authors of Monographs are 
expected to give extended references to the literature. Where the litera- 
ture is of sudi volume that a complete bibliography is impracticable, the 
authors are expected to append a list of references critically sdected on 
the basis of their relative importance and significance. 
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PREFACE TO SECOND EDITION 


Many papers on various phases of lubricating oil technology 
have been published during the seven years since the first edition 
of “Performance of Lubricating Oils” was published. Selected 
references have been added to the bibliography in each chapter, 
and corresponding revisions and additions have been made in the 
text. Table 1, for example, has been greatly expandedin accord- 
ance with newly published data to facilitate the conversion of 
various viscosity units. 

Subjects covered in the second edition which were not in the 
first edition include multigrade motor oils, fretting wear, and 
paper chromatography. 

Chicago, Illinois H. H. Zuidema 

A-ugust, 19B9 




PREFACE TO FIRST EDITION 


Lubricating oils are frequently called upon to perform under 
conditions which were unheard of a few years ago and under which 
the oils available at that time would have fallen far short. Mechan- 
ical improvements have resulted in more severe operating condi- 
tions, such as higher speeds, greater bearing loads, and higher tem- 
peratures, and it has been necessary to develop new and improved 
lubricants to keep pace with the mechanical advances. A good ex- 
ample is the hypoid gear, which is in common use in automotive 
equipment. This gear has certain mechanical advantages which 
make its use highly desirable, but it could not be put to practical 
use until special gear oils (EP lubricants) had been developed 
which were capable of preventing seizure under the conditions pre- 
vailing at the surfaces of the gear teeth. These conditions consist 
of high pressures and high rubbing velocities, which in turn result 
in high local temperatures. This example is by no means unique. 
Lubricants may be required to have fluidity at extremely low tem- 
peratures, antirust characteristics, the ability to peptize sludge 
particles, or any one of a number of highly specialized functions in 
addition to the basic one of reducing friction. 

Much work has been done and many papers written on the per- 
formance of lubricating oils in various applications and under var- 
ious conditions. The purpose of this Monograph is to assemble the 
salient features of this information under a single cover. Two ap- 
proaches were considered: one, a discussion of various oils accord- 
ing to application, e.g., aircraft oils, gear oils, motor oils, turbine 
oils, various industrial lubricants, etc ; the other, a discussion of the 
various performance characteristics, e.g., oxidation, bearing corro- 
sion, wear, etc. The first would enable the reader who is interested 
in a given .single application to find all the information on that ap- 
plication in one chapter. However, such a treatise would require 
frequent revision to avoid becoming obsolete in a relatively short 
time. It was largely for that reason that this approach was aban- 
doned in favor of tbe second. The various performance characteris- 
tics are of a more basic nature than are the properties of a lubri- 
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cant for a specific application, and it is hoped that a more 
permanent function will be served with the present arrangement. 
Most of the discussion is based on work on lubricants for automo- 
tive equipment. This is because much more work has been done 
in this field and hence more knowledge is available. However, the 
conclusions should apply in related lubrication problems. 

No attempt has been made to discuss refining methods in any 
detail, since books are available on this phase of lubricating oil 
technology, e.g., KaJichevsky’s “Modem Methods of Refining Lu- 
bricating Oils.” The sole purpose of the chapter on manufacturing 
methods is to acquaint the reader with the effect of each process 
step upon the performance characteristics of the resulting product. 

The writer wishes to thank the Shell Oil Company for permis- 
sion to publish this Monograph and to acknowledge his gratitude 
to his many colleagues both at Wood River and other parts of the 
Shell organization for their valuable assistance in its preparation. 

Wood River, lUinois 
June, 1961 


H. H. ZUIDBMA 
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PROCESS OF LUBRICATION 


Introduction 

Lubricants include substtuxces having a wide range of physical 
properties. They are usually in the liquid state, althoiigh solids 
(graphite) and gases (air) may be used in certain applications, 
liquid lubricants in txim vary widely in their physical properties. 
Mineral oils, ranging from extremely fluid liquids to highly viscous 
products, are commonly used. They may serve many purposes, 
such as conducting the heat of friction away from the bearings, 
serving as a seal to exclude imdesirable substances from the area 
being lubricated, and acting as a carrier for rust preventives, anti- 
friction agents, extreme-pressure additives, and the like. However, 
their primary purpose is, in general, to lubricate, i.e., to reduce 
friction. Many investigators have studied the mechanism of lubri- 
cation. As a result of their efforts certain phases of the subject are 
quite clearly understood. Others are still at the stage in which 
further research is reqxiired. 

The type of lubrication depends largely upon the thickness of 
the lubricating film. Two fimdamental types are discussed in this 
chapter — ^hydrodynamic (thick film) and boundary (thin film). 
The latter is subdivided further, and one type, extreme pressure or 
EP lubrication, is treated in some detail. While the different tyx)es 
of lubrication are clearly distinct, there is no sharp fine of demar- 
cation, but rather a gradual transition, between them. This is true 
in the transition between hydrodynamic and boundary lubrication 
and also in the change from one type of boundary lubrication to 
another. 

Hydrodynamic, or Fluid, Lubrication 

When moving parts are separated by a film of oil thicker than 
about 6,000 Angstrom units, or 1/40,000 of an inch, the laws of 
hydrodynamics apply in the film, and viscosity is the all-important 
factor as far as the oil is concerned. There is no abrasive wear un- 
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der idetd hydrodynamic conditions of lubrication since the moving 
parts never touch each other. The theory of hydrodynamic, or 
fluid, lubrication is based upon the experimental work of Tower, 
dating back to 1886, and the theoretical work of Reynolds which 
followed shortly.**- •* Petroff, who was working independently at 
about the same time, arrived at similar conclusions regarding fluid 
lubrication.**- •* Petroff’s work differed in that it is based on an 
oil film of uniform thickness, while Reynolds considered the more 
general case of films of varying thickness in an eccentric bearing 
as well. 

For the simple case of a vertical shaft guided by a coaxial sleeve 
bearing, the following equation, derived from Newton’s law of vis- 
cous flow, gives the power loss.** 

H = (1) 

where H is the power loss, D is the diameter of the journal, C is the 
diametral clearance between the shaft and journal, L is the length 
of the journal, Z is the viscosity, and N is the speed in revolutions 
per unit time. 

The coeflBcient of friction,/, is given by the equation: 


/ = 


’ c P ’ 


( 2 ) 


where P is the load per \init of projected area. 

Equation (2) is known as Petroff’s law. Petroff’s original equa- 
tion included terms covering the effect of slip at the oil-metal 
boundaries. However, it was later shown that these effects do not 
exist. 

Kingsbury” has developed an experimental method for studying 
hydrodynamic lubrication which is based upon the analogy be- 
tween fluid and electrical flow. Wooden models are used, with a 
conducting liquid as the “lubricant”. “Pressure” is measured as 
voltage and “flow rate” as current. 

Bearings are designed for hydrodynamic lubrication whenever 
possible in order to take advantage of the low rate of abrasive wear 
and the low friction loss. The coefficient of friction in hydrody- 
namic lubrication is of the order of 0.001 to 0.01.** The lubrication 
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of journal bearings is normally bydrodynamic, although boundary 
conditions may be present momentarily during starting and stop- 
ping. The lubrication of conventional internal combustion engines 
is largely hydrodynamic.* 

Transition from Hydrodynamic to Boundary Lubrication 

When the load on an oil film is increased or the viscosity or the 
speed decreased, the film decreases in thickness imtil a point is 
reached where the laws of hydrodynamics no longer apply, since 
the effects of surface or boundary forces are no longer negligible. 
As the fibn becomes still thinner, a state is ultimately reached 
where metal-to-metal contact is allowed. These transitions have a 
marked effect upon coefficient of friction, as shown in Figure 1, in 
which coefficient of friction is plotted, as a function of the dimen- 
sionless parameter ZN /P, where Z, N, and P have the same mean- 
ing as in equation (2). According to equation (2) the coefficient of 
friction, /, is a linear function of ZN /P in the realm of hydrody- 



Figure 1. Cooflfieieiit of p^ietioii, /, u8 a. Function of ViHfumity, Z] Velocity, N\ 
and PreBBurc, P. 
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namic lubrication. Actually the experimentally determined values 
of / follow the theoretical values quite closely for high values of 
ZN/P. As ZN/P decreases, the film thidcness is reduced and the 
curve begins to deviate from linearity. As ZN IP decreases further, 
a point is reached where both boundary and hydrodynamic ef- 
"evail. As ZN/P decreases stUl further, the film ultimately 
? and the curve shows a sharp upward break. The mini- 
ijit in the / vs. ZN/P curve is generally regarded as the 
1 point between fluid film, or hydrodynamic, and thin . 
Doundary, lubrication. However, it must be understood 
re is no sharp line of demarcation, but rather an inter- 
Knne in which both hydrodynamic and boundary effects 
between the two fields. This zone is sometimes called 
, or “quasihydrodynamic”. 

ip’^ When an elastically supported rider is borne on a 
.. ..^.ating disk, the motion of the rider with respect to the 
nay be either continuous or intermittent. With low specific 
loaos and thick films of lubricant, hydrodynamic conditions pre- 
vail and the motion is continuous. With unlubricated surfaces or 
with thin oil films the coefficient of friction is higher than in hy- 
drodynamic lubrication. Furthermore the coefficient of kinetic 
friction is usually lower than the coefficient of static friction. Un- 
der these conditions the motion may be discontinuous, provided 
the elasticity is in the proper range. This is known as the “stick- 
slip” phenomenon.** - *«.*».*». “ The rider moves with the disk 
when the instrument is started from a position of rest and con- 
tinues to do so until the force required to move it equals a value 
determined by the coefficient of static friction. At this point the 
rider begins to move in the reverse direction with respect to the 
disk, since the coefficient of kinetic friction is lower than that of 
static friction. When it has moved back to a point where the drag 
is equal to a value determined by the kinetic coefficient of friction, 
it begins to move with the disk again, and the cycle is repeated. 
The frequency of the cycle noay be very high. The temperature rise 
during the “slip” portion of the cycle may be high. Under such 
conditions the rate of abrasive wear is high. 
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BoTindary Lubrication 

Boundary lubrication, as mentioned earlier, covers a zone of 
thin film lubrication in which the laws of hydrodsmamics play a 
negligible role. Blok“ has proposed a classification of boundary 
lubrication on the basis of the mechanical conditions prevailing. 
He has listed the following tnain types: 

Type 1. Low pressure and low temperature, or mild, boundary 
hdmcation. Examples — Low speed sleeve bearings, leaf springs, 
hinge joints. 

Type S, High temperature boundary lubrication. Examples — Cyl- 
inders of superheated steam engines and internal combustion en- 
gines, especially aircraft engines, and certain high speed sleeve 
bearings. 

Type S. High pressure boundary lubrication. Examples — Cases 
involving rolling contact at high pressures but with little frictional 
or external heat, e.g., ball and roller bearings and certain spur 
gears. 

Type 4- High pressure and high temperature, or extreme, bound- 
ary lubrication. Examples — ^Highly loaded h 3 TJoid or other gears 
characterized by high loads and a high degree of sliding friction, 
hence extensive generation of frictional heat and high local tem- 
peratures. 

The temperature and pressure at the region of contact are the 
fletermining factors. Type 4, which is commonly called extreme 
pressure, or EP, lubrication, is discussed under a separate heading 
later in the chapter. 

The property of lubricants which causes films of two oils of 
identical viscosity to exhibit differences in coefficient of friction is 
often referred to as “oiliness”. Such differences can, by definition, 
not occur in hydrodynamic lubrication but are associated solely 
with the boundary state and the intermediate zone between the 
two states. While the phenomena occurring in the thin film or 
boundary state are not as thoroughly understood as hydrodynamic 
lubrication, a great deal of fundamental work has been done on 
boundary lubrication. 

As mentioned earlier, the pressure in the oil film may be very 
liigh. Viscosity-pressure coefficients, which are discussed in more 
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detail ia Chapter 2, differ for different oils, and it has been shown 
by Everett** and by Givens” that differences in behavior in a high 
pressure journal between mineral oils of equal viscosity at atmos- 
pheric pressure can be explained on the basis of their viscosity at 
the pressure of the oil film. Thus some effects which might, for 
want of a clear understanding, be attributed to “oiliness” can ac- 
tually be explained in terms of hydrodynamic lubrication if the 
effects of pressure and temperature upon viscosity are taken into 
accoxmt. 

The coefficient of friction is of the order of magnitude of 0.1 in 
the boundary lubrication region.” Beeck* has defined the bound- 
ary state as that in which the coefficient of friction is independent 
of viscosity and of sliding velocity. Pure boundary lubrication, as 
defined in this manner, is extremely rare in practice, since quasi- 
hydrodynamic effects are difficult to eliminate. Boundary lubrica- 
tion is associated with forces acting at the boundary between oil 
and metal, and is therefore dependent upon both.**- ” An effective 
antifriction agent for one metal may be entirely ineffective for an- 
other. Bikerman* attributes the effectiveness of boundary fihns to 
their high viscosity as compared to the viscosity of the bulk liquid. 

When a surface is lubricated with a solid film of a compound 
such as a hydrocarbon, ketone, or normal alcohol, continuous slid- 
ing takes place. If the system is heated, a transition from continu- 
ous to stick-slip sliding occtirs. The transition temperature is ap- 
proximately equal to the melting point of the lubricant.**- *• With 
other lubricants, the transition temperature is appreciably higher 
than the melting point. Normal saturated acids, for example, show 
transition temperatures as much as 75®C higher than their melting 
points.** 

Frewing*’ foimd that normal acids ranging from Cg through Cn 
have transition temperatures about 70“C above their respective 
melting points. Conversion of the acid to the corresponding methyl 
ester lowers the transition temperature somewhat. The stearic acid 
esters of n-alcohols of varying molecular weight showed a different 
behavior. Esters of the lower alcohols and transition temperatures 
higher than their melting points, but the difference between the 
two temperatures decreased with increasing number of carbon 
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atoms in the alcohol. The stearic acid ester of Cio n-alcohol be- 
haved like a nonpolar compound in that the transition tempera- 
ture and melting point were roughly equal. 

When an oil oxidizes, the transition temperature often rises, 
since polar oxidation products are formed. A used oil may there- 
fore be superior to the corresponding fresh lubricant as far as 
bovmdary lubrication properties are concerned.*^- ” However, oxi- 
dation has many adverse effects upon the properties of an oil, and 
the formation of polar compoimds by this means is usually ac- 
companied by the simultaneous formation of sludge, lacquer, cor- 
rosive acids, and the like. 

There is some question as to whether the interaction between 
metal and lubricant to form the boundary film is chemical or 
physical. Frewing*® studied solutions of long-chain organic halides, 
esters, cyanides, thiocyanides, and nitro derivatives in white oil 
in a friction test run at high load and low speed. He found that 
the transition temperature, Tt , separating continuous from stick- 
slip sliding is related to the heat of adsorption, U, by the following 
equation: 


Log.C' U/RTi + K, (3) 

where C is the concentration of polar material, R is the gas con- 
stant, and AT is a constant. The transition was found to be re- 
versible. Frewing concluded that the phenomenon is one of physi- 
cal adsorption rather than chemical reaction. Bowden and co- 
workers, on the other hand, have shown in the case of oils con- 
taining fatty acids that the boundary lubrication of active metals 
such as zinc, cadmium, copper, and manganese is much more suc- 
cessful than that of unreactive surfaces such as glass, platinum, 
nickel, or chromium. This was taken as evidence that the effective 
film, instead of being physically adsorbed, is a chemical reaction 
product, viz., a soap of the fatty acid and the metal in question, 
formed by saponification of the acid with the metal oxide.''-" Hirst 
and Lancaster*^ ■ have made some very interesting studies on the 
effect of water on the interaction between stearic acid and metal 
surfaces. They concluded that chemical reaction takes place when 
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water is present, but that the interaction under anhydroxis condi- 
tions is one of adsorption. 

Begardless of whether the boundary layer is held to the metal 
by chemical or physical forces or a combination of the two, there 
can be no doubt that there is strong orientation of the polar mole- 
cules in the boundary film. This has been demonstrated conclu- 
sively by various investigators by electron diffraction and x-ray 
diffraction techniques."' "• ^ Since the effect of polar compounds 
upon coefficient of friction is a surface phenomenon, minute con- 
centrations of polar component are often sufficient. The effect of 
polar compounds, e.g., oleic acid, upon coefficient of friction 
caused by orientation at the boundary between oil and metal is 
analogous to the effect of polar compounds upon iuterfacial ten- 
sion between water and nonpolar organic liquids and their ease 
of emulsification. In the latter case the polar compound orients at 
the boundary between water and nonpolar organic liquid. Low 
concentrations of appropriate polar compounds are effective in 
both cases. 

A monomolecular layer of polar compound has a pronounced 
effect upon coefficient of friction imder boundary conditions. For 
example, Miller and Anderson*^ followed the adsorption of oleic 
add from hydrocarbon solution by measuring coefficient of 
friction, and foimd that the apparent adsorption isotherms corre- 
qionded to the adsorption of monolayers. However, Hirst and co- 
workers," working with stearic add, showed that although a mono- 
layer is effective in reducing coefficient of friction under boimdary 
conditions, the presence of a film five molecules thick makes it 
possible to carry much higher loads. The greater durability of 
thicker films is strikingly demonstrated in the following experi- 
ment, which was first performed by Langmuir 

When a spherical glass rider is allowed to slide on a flat glass surface, the coef- 
ficient of friction can be reduced considerably if a monomolecular film of fatty 
acid is placed on the flat surface. If, on the other hand, the monofllm is placed on 
the spherical rider, the initial coefficient of friction will be reduced somewhat, but 
after the rider has moved a few millimeters the coefficient of friction returns to its 
original value. This was explained on the basis that in the first case the rider is 
constantly moving to an area of fresh film, whereas in the second the film is rapidly 
destroyed by the high local temperature produced at the area of contact. 
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With a monolayer on the flat surface it required 700 strokes of 
the rider to increase the coefficient of friction from 0.11 to 0.13, 
and an additional 200 strokes to increase it to 0.24. With an initial 
layer seven molecules thick the coefficient of friction did not 
change perceptibly in 4000 strokes. Beeck* has conflrmed Lang- 
muir’s results. He found that a layer of polar compounds seven 
molecules thick wears almost indefinitely in an apparatus consist- 
ing of a friction pendulum equipped with either a fom-ball bearing 
or a journal bearing on four balls. 

Beeck has studied coefficient of friction for various lubricants 
as a function of angular velocity in the four-ball top, in which a 
single ball is rotated on a support formed by three stationary balls. 
He found that with btiilt-up layers of certain polar compounds the 
coefficient of friction at first remains constant with increasing ve- 
locity, indicating botmdary lubrication, and then suddenly drops 
at a definite and reproducible velocity. Since coefficient of friction 
is independent of velocity in the boundary region, the abrupt drop 
in coefficient of friction must mark a sudden transition into a 
quasihydrodynamic state. The effect was noticed only with built- 
up layers of several thicknesses of polar compoimds which show 
well-oriented films by electron diffraction, and not with mineral 
oils free from polar components or with films only one or a few 
molecules thick. Beeck concluded therefore that a wedging effect 
induced by the adsorbed layer of polar molecules is responsible 
for the transition to quasi-hydrodynamic lubrication and the at- 
tendant drop in coefficient of friction. 

£P Lubrication 

As mentioned earlier, extreme boundary lubrication, in which 
both temperature and pressure are high, is commonly referred to 
as extreme pressure, or EP, lubrication. As Blok'^ has pointed out, 
the latter term is misleading, since temperature is a more decisive 
factor than pressure. The importance of temperature (resulting 
from friction at high speed) is illustrated in a statement by Mou- 
gey®* to the effect that a spiral bevel gear lubricated with a mineral 
oil could carry a load of 350,000 pounds at low speed but only 
1,000 to 2,000 pounds at high speeds. However, the use of the 
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terms “EP lubricaat” and “EP lubrication” are so well established 
that it is very difficult to effect a change in terminology to the 
more logical expressions. 

The development of EF lubricants was necessitated largely by 
the development of hypoid gears, which have certain mechanical 
advantages but which are very exacting in their lubrication re- 
quirements because of the high loads and the sliding velocities 
(hence high frictional temperatures) involved.™ EP lubricants are 
in widespread use, both in hypoid gears and in other t3q>es of 
gears and heavily loaded bearings.*** *• EP lubricants are made by 
incorporating specific EF additives into a mineral oil base. 

Beeck, Givens, and 'Williams' have made an interesting study of 
the mechanism of the action in oil solution of tricresyl phosphate 
and related compounds containing phosphorus or the related ele- 
ments arsenic and antimony. They found that such compounds are 
quite effective in reducing wear* in the four-ball apparatus when 
balls consisting of metals which are capable of forming lower melt- 
ing alloys with phosphorus, arsenic, or antimony, respectively, are 
used. 'With inert metals the additives are ineffective. From this 
they conclude that additives of this tyjw actually form alloys at 
the local points of contact, where high temperatures prevail, and 
that the resulitiag flow of molten alloy results in a chemical polish- 
ing action, by which the load becomes distributed over a larger 
surface, thus decreasing pressures and temperatures. They found 
combinations of “chemical polishing agents” and long-chain polar 
agents, such as oleic acid, to be especially effective. This is at- 
tributed to the formation of an adsorbed film of the polar agent 
on the chemically polished surface. 

As the load is progressively increased on a lubricated system, 
e.g., a set of gears, the oil film becomes progressively thinner. 
Abrasive wear increases under these conditions, and as the load is 
increased further a point is eventually reached where there is a 
welding together of portions of the two surfaces, followed by a 
tearing away of relatively large particles of metal. This type of 
failure is referred to as seizure, galling or scuffing. EP lubrication 
involves a chemical attack upon the surfaces where, as a result of 

* Wear is disouased in greater detail in Chapter 7. 
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hi^h pressure, high sliding velocity, and a rapid local generation of 
heat, the temperature has risen to a high figure. The formation of 
reaction products prevents seizure of the moving parts and may 
reduce friction. Since the temperatures involved may be very 
high (of the order of 600®C or higher in the case of steel on steel“), 
these reactions are often very rapid. The reaction is normally be- 
tween an ingredient of the lubricant and the metal. The perform- 
ance of a given lubricant depends, therefore, upon the composition 
of the metal in the rubbing surface as well as upon the composi- 
tion of the oil and the conditions to which the combination is sub- 
jected. 

In the case of chlorinated and sulfurized EP dopes the mecha- 
nism has been quite well established as consisting of the forma- 
tion of an inorganic film. Baxter, Snow, and Pierce^ showed that 
pretreatment of the test pieces with chlorinated or sulfurized EP 
dope at elevated temperatures or with hydrochloric acid resulted 
in a considerable increase in breakdown load in both the four-ball 
and the Timken tests. 

Davey** found that pretreatment of the test pieces used in the 
four-baU apparatus with free sulfur or with ammonium sulfide, 
both of which gave sulfide films, resulted in families of friction- 
time curves for straight mineral oils, at least until the sulfide film 
was worn away, similar to those obtained when a sulfur-containing 
EP oil is run with imtreated steel balls. 

Simard, Bussell, and Nelson'^ have studied the film-forming 
action of lead naphthenate and free sulfur, both singly and in 
combination, by means of electron diffraction patterns. They al- 
lowed the films to form either by heat treatment under static 
conditions or by friction in the SAE machine or in gears. Various 
base stocks and base stocks plus free sulfur showed the presence 
of oxides of iron on the surface after exposure to heat. The addi- 
tion of lead naphthenate to the base stock resulted in the forma- 
tion of an amorphous film on the surface. This was believed to be 
either lead naphthenate itself or its oxidation product. Lubricants 
containing both free sulfur and lead naphthenate formed an initial 
film of lead sulfate, with lead sulfide forming later. The surface of 
hypoid gears which had been run for 20,000 miles on this lubrj- 
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coat showed the presence of iron oxide plus a phase which was 
beliered to be a lead-rich sulfide of lead. Simard, Russell, and Nel- 
son believe that the chenucal polishing theory of Beeck, Givens, 
and Williams may apply in the case of lead-sulfur lubricants as 
well as to the phosphorus type lubricants for which the theory was 
proposed. The presence of lead sulfate and iron oxide indicates 
that oxidation is involved in the chemistry of EP lubricants of 
this type. 

Prutton, Turnbull, and Dlouhy” have studied the mechanism 
of lubrication by EP lubricants containing both sulfur and chlo- 
rine. They analyzed the surface filma formed on hypoid gears 
during “shock” testing in an automobile and found both ferrous 
chloride and iron sulfide. They postulate either a direct reaction 
between iron and the additive to form iron chlorides and iron sul- 
fide, respectively, or a preliminary decomposition of the additive 
to HCl in the case of the chlorine additive and HiS in the case of 
the sulfur dope. Their data indicate that intermediate formation 
of HCl and HjS are probably not a part of the mechanism, al- 
though both are formed in the reaction. They found that in gen- 
eral an iron sulfide film will be formed from an active sulfur addi- 
tive more rapidly than an iron chloride film forms from an active 
chlorine additive when either is present alone. However, when 
both are present simultaneoualy, considerably more ferrous chlo- 
ride is formed than would be expected from the individual be- 
havior of the two additives. This indicates that the chlorine addi- 
tive reacts more rapidly with iron sulfide than with iron itself. 
On the basis of their data as a whole, Prutton et oZ. have postu- 
lated the following mechanism for the joint beha'vior of active 
sulfur and active chlorine additives on iron: 

(a) RA, -h Pe -»• FeS -|- R^„_i 

(b) FeS + R,a. Fed* + RvCUi + S 

(c) S -f Fe FeS 

(d) (n - 1) S -I- FeS FeS„ 

Types of EP Lubricants. Hundreds of compounds and mixtures 
have been patented as EP dopes, antifriction agents, film strength 
improvers, etc. An exact classification is difficult, since many com- 
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plex mixtures are patented. However, it is possible to group most 
of them, into the following six main classes according to their 
functional groups: 

(1) Organic compounds containing oxygen. This includes various 
carboxylic adds, esters, ketones, and oxidized petroleum fractions. 
Members of this group act mainly by adsorption or, as Bowden 
has shown in the case of fatty acids and active metals, through 
the formation of a soap film. Their use is restricted to mild con- 
ditions. 

(2) Organic compounds containing sidfur or combinations con- 
taining oxygen and stdfvr. Many synthetic organic compounds as 
well as reaction products of free sulfur and petroleum fractions or 
various organic compounds are included in this group. 

(3) Organic compounds containing chlorine. Practically all the 
members of this group are made by chlorinating either organic 
compounds or petroleum fractions. 

(4) Organic compounds containing both chlorine and sulfur or 
mixtures of chlorine compounds and sulfur compounds. Many are 
combinations of compomids listed individually under the previous 
two classes, while some, e.g., those made by reacting a hydrocar- 
bon or mixture of hydrocarbons with sulfur chloride, contain both 
active groups in the same molecule. 

(5) Organic compounds cordainirig phosphorus. Both trivalent 
and pentavalent phosphorus compounds are included. As dis- 
cussed earlier, these compounds act through their chemical polish- 
ing effect rather than as anti-welding agents. 

(6) Organic compounds containing lead. Lead naphthenate is the 
compoimd normally used in conjunction with either an active 
sulfur or an active chlorine additive. 

Test Methods. Several bench tests have been developed for the 
evaluation of EF lubricants. All these tests are similar in that two 
well-defined surfaces, separated by a film of lubricant, are in- 
volved, with one or both in motion. The load is normally increased 
in a stepwise fashion, and the maximum allowable load before 
seizure occurs is measured. Since the various tests differ in such 
factors as design and composition of test specimens, temperature, 
.•^poed, and rate of loading, they do not necessarily rate a given 
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Figure 2. Operating Principles of Various Bench Teats for Lubricants. 


ies of lubricaats in the same order. Some correlate better with 
i type of service requirement, aud others with another. Five of 
more commonly used bench tests (the operating principles of 
ich are illustrated in Figure 2) are briefly described below:* 

1) Timken .*^ ■ " • ” A steel block is pressed against a rotating 
ndrical steel ring for a period of ten minutes. The highest load 
iirhich no seizure occurs is recorded. CRC (Coordinating Ke- 
rch Council) test No. L-18-646 employs the Timken machine. 

2) Almen.**- •* A cylindrical rod is rotated in a split bushing 
ch is pressed against it. Two-poxmd weights are added at ten- 

All these teats are conducted under dynamic conditions. They do not meas- 
tarting torque, which is essentially a static phenomenon. 
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Figure 2. Operating Principles of Various Bench Tests for Lubricants. 


series of lubricants in the same order. Some correlate better with 
one type of service requirement, and others with another. Five of 
the more commonly used bench tests (the operating principles of 
which are illustrated in Figure 2) are briefly described below:* 

(1) Timken. “ > " ■ •• • A steel block is pressed against a rotating 
cylindrical steel ring for a period of ten minutes. The highest load 
at which no seizure occurs is recorded. CRC (Coordinating Re- 
search Council) test No. L-18-545 employs the Timken machine. 

(2) Almm.^*> •* A cylindrical rod is rotated in a split bushing 
which is pressed against it. Two-poimd weights are added at ten- 

* All these tests are conducted under dynamic conditions. They do not meas- 
ure starting torque, which is essentially a static phenomenon. 
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second intervals, and the results are expressed in a manriftr rnTwilftr 
to that used in the Timken test. 

(3) FalexJ^- *• A cylindrical rod is rotated between two hard 
V-shaped bearing blocks which are pressed against the rod with 
progressively increasing pressure. Since most of the wear occurs 
on the softer shaft, the area of contact and hence the specific pres- 
sure at the area of contact remains essentially constant as wear 
proceeds. Total load and torque are indicated on gauges. 

(4) Four-ballJO' >»• *“• »«• A half-inch steel ball is rotated in 
contact with three similar balls which are clamped in a stationary 
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position. This provides three points* of contact in contrast to the 
line* contact existing in the other test machines. Wear and co- 
efficient of friction can be measured, and the test may be run at 
increasmg loads xmtil the heat generated by friction welds the 
balls together. 

(5) SilE'.*®- "• ** Two cylinders, which are driven at different 
speeds, are rotated against each other. The load is increased imtil 
failure occurs. This machine differs from the four mentioned above 
in that it provides a combination of rolling and sliding friction on 
both test pieces, i.e., the line of contact is constantly changing, 
whereas in the other machines it remains fixed on the stationary 
member. The ratio of sliding to rollin g friction can be changed by 
varying the relative speed of the two cylinders. CRC test No. 
L-17-545 employs the SAE machine. 

Good correlation with gear tests in automotive equipment is 
claimed for both the SAB test*®* “• “ and the four-ball test.“> *“• “ 
Blok‘® compared the behavior of several BP lubricants in the four- 
ball, the SAB, and the Timken tests with their performance in a 
Chevrolet hypoid gear at 40 mph. He found that the four-ball test 
gives the beat criterion of performance in this particular applica- 
tion, the SAB test next, and the Timken the poorest of the three. 
Correlation of any of these tests with performance in practice de- 
pends to a large extent upon the conditions prevailing in practice 
and upon those chosen for the test. It is possible to vary the con- 
ditions over a considerable range in each of the tests. 

The 1946 CRC Handbook pubUshed by the Coordinating Re- 
search Council describes two fuU-scale tests which are used in the 
evaluation of gear oils. CRC Designation L-19-646 is a procedure 
for determining the load-carrying characteristics of gear oils in 
axles under conditions of high speed and light loads. It is run in 
the hypoid iassembly of a passenger car. The test may be run 
either on the road or on a chassis dynamometer. CRC Designation 
L-20-545 covers a test procedure for determining the load-carry- 

* It ehoiild be understood that the terms “point contact” and **line contact” 
are used for the sake of simplicity and are not geometrically correct. The region of 
contact is actd^ly an area in both cases; circular in the former, and rectangular 
in the latter. 
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ing, wea>r, stability, and corrosion cbaxacteristics of gear lubricants 
in axles under conditions of high torque and low speed. Mild 
boundary lubricating properties are probably of more importance 
than the conventional EP properties in this test. The test is run 
in the hypoid rear-asde carrier of a % ton Army truck on a dy- 
namometer test stand. 

Oleophobic Filins 

Fatty oils have lower interfacial tension values against water 
and against metals than mineral oiL It might therefore be expected 
that fatty oils would show the greater affinity for metals and 
hence the greater tendency to spread on metal surfaces. However, 
it has been shown by Bulkley and Snyder“ that when a drop of 
olive oil is placed on a clean steel surface it remains standing at a 
high contact angle, while a drop of mineral oil spreads into a thin 
film. Furthermore, if a drop of fatty oil is rolled across a clean 
steel plate and the plate then dipped into mineral oil and allowed 
to drain, the mineral oil remains in a film on the portions which 
were originally clean, but runs off the portions which had been in 
contact with the fatty oil. 

This behavior is explained on the basis of an adsorbed oriented 
film of polar molecules which lower the surface tension of the 
solid to such an extent that spreading is not favored on the new 
surface. Woog'* found that dibasic acids have an even greater 
effect than monobasic acids in preventing the spreading of mineral 
oils on metal surfaces. 

Bigelow, Pickett, and Zisman* and Bigelow, Glass and Zisman^ 
have made a systematic study of oleophobic films adsorbed from 
solutions in nonpolar liquids. They found that the effective film is 
a well oriented monolayer, formed by reversible adsorption from 
solution. They concluded that the films are composed of almost 
vertically oriented, close-packed molecules with the polar group 
attached to the metal. The outer layer of the monomolecular film 
consists of methyl groups. Polar molecules having a configuration 
corresponding to a long rod or fiat plate, with the polar group at 
one extremity and one or more methyl groups at the other, satisfy 
this requirement. If a double bond is present in the molecule as 
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in oleic acid, no oleophobic film is fonued. This has been explained 
on the basis that adsorption takes place at both the polar group 
and the unsaturated bond, and the molecule is not adsorbed ver- 
tical to the surface, but more nearly horizontally. 

The equilibrium between dissolved and adsorbed polar com- 
pound for a given solvent and solid depends to a large extent upon 
the polar group. Bigelow, Pickett, and Zisman found that oleo- 
phobic films were formed on platinum and pyrex from weight per 
cent concentration of only 10"^ in the case of primary aliphatic 
amines and monocarboxylic acids, while a concentration of 10“* 
was required for aliphatic alcohols, esters, and ketones. 

Oleophobic films are desirable in timepieces and other instru- 
ments since they prevent excessive spreading or “creeping” of the 
libricant. Various compositions claimed to show a minimiim ten- 
dency to spread have been patented for this purpose.** “ 
These oleophobic films are also highly hydrophobic* - * and polar 
compounds capable of forming such films are used as rust pre- 
ventives. This is discussed further in Chapter 7. 
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RHEOLOGY 


Introduction 

The importance of the internal flow resistance or viscasity of a 
lubricant has already been discussed in Chapter 1 . Viscosity is 
defined by Newton’s law which states that at a given point in a 
fluid the shearing stress, S, is directly proportional to the rate of 
shear, 22 , 


S “ 1722, (4) 

The proportionality constant, 17 , is known as the coefficient of 
viscofflty. Since for the motion of two parallel layers of liquid the 
shearing stress is equal to F /A, where F is the force and A the 
area, and since the rate of shear is equal to v/d, where v is the 
velocity and d the distance between the layers, equation ( 4 ) may 
be written: 


F V 

(5) 

or, 


Fd 

((5) 

Av 

Poiseuille has shown that the flow of liquids in 
governed by the equation: 

capillary t ubes is 

irPr* 



(7) 


where P is the pressure, r the radius of the tube, I the lengt h of 
the tube, and V is the volume of liquid flowing in time L 
The metric unit of viscosity is the poise, named in honor of 
Poiseuille. Water at 20®C or 68 ®F has a viscosity of approximat(»lv 
0.01 poise, or one centipoise. Thus the viscosity of a liquid in 
centipoises indicates its relative viscosity compared to water at 
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room temperature. The correspouding English unit of viscosity 
is the reyn, named in honor of Reynolds. Poises (dyne-seconds per 
square centimeter) may he converted to reyns (pound-seconds per 
square inch) by dividing by 68,950. The name newton is some- 
times used for a more practical unit of one millionth of a reyn. 
Since one centipoise -= 0.01 poise and since one poise = 1/68,950 
re 3 m, it follows that one newton = 6.895 centipoises. Neither the 
reyn nor the newton is commonly used. 

In addition to the units of viscosity defined above there are . 



Figure 4. Capillary Visoometers and Bath. 
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several related units in common in the petroleum industry. 
The most fundamental of these is the kinematic viscosity, which 
is defined as viscosity divided by density. The unit of kinematic 
viscosity is the stoke (stokes = poises/density), and the common 
practical unit the cenlistoke. ASTM Tentative Method of Test 
for Kinematic Viscosity, D445-63T, permits the use of any of 
the following capillary instruments: 

For transparent liquids 
Cannon-Fenske (modified Ostwald) 

Ubbelohde 

FitzSimons 

Zeitfuchs 

SIL 

Atlantic 

For opaque liquids 
Cannon-Fenske Reverse Flow 
Zeitfuchs Cross-Arm 
Lantz-Zeitfuchs Reverse Flow 

The viscosity of lubricants is often expressed in terms of arbi- 
trary units based on industrial viscometers, the most common of 
which are the Saybolt, the Redwood, and the Engler. The rela- 
tionship between the various viscosity units is not linear. The 
relative magnitudes of the various scales is illustrated in Table 1. 
It will be observed that the conversion to Saybolt Universal or to 
Redwood No. 1 depends to a certain degree upon the temperature. 

Motor lubricants are conveniently classified according to their 
viscosity. The SAE (Society of Automotive Engineers) classifica- 
tion is commonly used for this purpose. The SAE system is defined 
in Table 2. This system is a revision, adopted in 1950, of an earlier 
classification which had been in use for some time. 

Viscous and Turbulent Flow 

Liquids which flow in accordance with Newton’s law are known 
as Newtonian liquids. Flow of this type is known an viscou.s or 
streamline flow. The viscosity, or the ratio of shearing stress to 
rate of shear, is constant for Newtonian liquids flowing under 
these conditions. Most lubricating oils behave very nearly like 
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Factor for Converting Centiatokea to 


Centlfltokea 

Seybolt Univenil* 
Seconds at 

Saybolt Furol^ 
Seconds at 

. Redwood No. 1° Seconds 

Redwood 
No. 2^ 
Seconds 

Engler^ 

Degrees 










lOOT 

210*F 

122T 

210"F 

70*F 

140»F 

200"F 



2.0 

16.3 

16.5 








2.6 

18.8 

13.0 








3.0 

iTCT 

12.1 



11.3 

11.4 

11.4 



3.5 

10.7 

10.8 



10.1 

10.1 . 

10.1 



4.0 

0.78 

0.86 



0.13 

9.18 

9.23 


0.330 

4.6 

9.07 

9.11 



8.40 

8.44 

8.49 


0.302 

6.0 

8.48 

8.64 



7.82 

7.86 

7.90 


0.280 

6 

7.60 

7.66 



6.97 

7.17 

7.06 


0.247 

7 

6.07 




6.38 

6.41 

6.44 


0.224 

8 

6.61 

6.66 



6.92 

6.06 

6.00 


0.206 

0 
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Tablb 2. SAE CiiABSinoiTioN ot Motor Lubbigantb 


SAE Number 

Viscosity Range, Saybolt Universal 

Extraimlated ^scoslty at 0*7 

1 Measured Viacoslty at 2107 

Min, 

Max. 

Min. 

Max. 

6w 


4000 



lOw 

ewoo* 

12000 



20w 

12000*' 

48000 

30 


20 



45 

58 

30 



58 

70 

40 



70 

85 

50 



85 

110 


* Minlmiwi at 0^ may be 'waived if viaooelty at 210^ is not bdow 40. 
b Mfalmnm at 0*7 may be 'waived if viiooaity at 210^ ie not below 46. 


Newtoniaa liquids at the temperatures, pressures, and flow rates 
ordinarily encountered. However, as the flow rate is increased, 
the ratio of shearing stress to rate of shear suddenly decreases at 
a critical point. This point marks the transition between viscous 
flow, in which the liquid follows Newton’s law, and turbulent flow, 
in which the liquid no longer behaves in Newtonian fashion. Vis- 
cous flow consists of an orderly motion in which layers of liquid 
slide past one another in a direction parallel to the direction of 
flow. In turbulent flow, on the other hand, the motion is erratic. 
Reynolds has shown that the critical velocity separating viscous 
from tmbulent flow through a pipe depends upon the dimension- 
less function DiiP/ij, where D is the inside diameter of the pipe, 
u is the velocity of the liquid, and P and ij the density and vis- 
cosity, respectively, of the liquid. The expression DuP/ri is known 
as the Reynolds number. When the Reynolds number is low the 
flow is viscous. The transition normally occurs between values of 
2,100 and 4,000, depending upon the design of the pipe. 

Viscosity is a less important factor in turbulent than in viscous 
flow. For example, if two liquids of identical density but having 
viscosities differing by a factor of ten are pumped at the same 
velocity through identical pipes of such a diameter and at such a 
velocity that the Reynolds number is 100 and 1000, respectively, 
the flow will be viscous in both cases and the pressure drop across 
a given length of pipe will be ten times as great in the case of the 
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liquid of greater viscosity (lower Ile 3 niolds number). If, on the 
other hand, the diameter of the pipe and the velocity are increased 
so that the Reynolds number is 10,000 and 100,000, respectively, 
the flow will be turbulent in both cases and the pressure drop per 
xmit length of pipe will be less than twice as great for the more 
viscous liquid than for the less viscous one. 

Flow of Lubricating Greases 

Most lubricating greases are plastic solids. Such substances 
differ from Newtonian liquids in their flow characteristics in two 
respects: (1) the curve relating rate of shear, R, to shear stress, S, 
passes through the origin in the case of liquids, i.e., an infinitesi- 
mal shear stress results in flow. The plastic solid, on the other 
hand, requires a definite stress before flow begins. (2) The R vs. 
S curve is linear for Newtonian liquids, while for plastic solids it 
is generally not linear. 

The viscosity of a grease at a given temperature and pressure 
cannot be described in a single number, but may be expressed as 
a fimction of the rate of shear. Most of the instruments for meas- 
uring viscosity are inadequate for the evaluation of greases either 
because of the complex function of shear involved or because they 
can be used only with very fluid greases. Furthermore most of 
them operate at far too low a range of rate of shear to be useful 
for predicting fluid film lubrication. Arveson* • • made an extensive 
study of this problem and worked out a “constant-shear viscom- 
eter“ in which a grease is forced through a calibrated capillary at 
a constant rate. A piston forces hydraulic fluid into a cylinder 
which contains a second piston. As the piston moves, it forces the 
grease sample through the capillary. From the speed of the driving 
mechanism, the dimensions of the system, and the pressure of 
the hydraulic flmd as measured by a gage, it is possible to calcu- 
late the apparent viscosity at the particular temperature and 
shear rate involved. The Poiseuille equation is used in this cal- 
culation; 


PR 

_ rPB^ _ ^ F 
8LV/t 4FA“/S’ 
tR* 


( 8 ) 
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where >?„ = apparent viscosity (poises); P = pressure (dynes/ 
cm*) ; a = radius of capillary (cm) ; L = length of capillary (cm) ; 
V H <= rate of efflux (cm*/sec) ; F = stress (dynes/cm*) ; and S = 
rate of shear (sec“0. Apparent viscosity is defined as being equal 
to the viscosity of a Newtonian liquid which would flow at the 
same rate as the grease under the same conditions. 

Blott and Samuel’ have pointed out the fact that the true vis- 
cosity of a non-Newtonian fluid can be calculated from the ex- 
perimental data obtained from a pressure viscometer of the capil- 
lary tube type without making use of the assumptions necessary 
if the PoiseuiUe equation is to be applied to such a material. The 
equation they used is the following: 


diQ/icR*) _ 1 /3 Q \ 

dF ~r, 


(9) 


where -n is the absolute viscosity in poises, Q is the rate of efflux, 
V /t, and the other symbols have the same meaning as above. 
The two equations do not appear to give widely different results 
when applied to the same data, at least in the case of the data 
presented by Blott and Samuel. 

Arveson* has shown that the apparent viscosity of a grease at 
a given temperature is determined by rate of shear, the viscosity 
of the oil, and a “soap factor,” K, which appears to be a function 
primarily of the soap content of the grease. He found that it was 
poasible to express the apparent viscosity of a series of calcium 
base greases as a function of these three variables. He expressed 
the belief that a general curve exists for each type of soap but 
that the relation involved cannot be expressed in the form of a 
simple mathematical equation. Hence the data are usually ex- 
pressed in the form of curves in which apparent viscosity is plotted 
against the rate of shear. Typical curves are shown in Figures 5 
and 6. The data are plotted logarithmically, and very wide ranges 
of rate of shear and viscosity are covered. It will be observed that 
the apparent viscosity of a grease decreases rapidly with increas- 
ing rate of shear and approaches, although it never equals, the 
viscosity of the mineral oil component of the grease at high rates 
of shear. It is this dependence of apparent viscosity upon rate of 
shear which distinguishes grease from oil and which enables the 
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Rate of Shear, Seconds""^ 

Figure 5. Isothernis for a Typical Calcium Soap Grease and the Petroleum Oil 
Contained Therein. (Taken From Arveson*) 



Figure 6. Apparent Viscosity vs. Rate of Shear for Cup Greases of Different 
Soap Content. (Taken From Arveson*) 
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fonner to lubricate without excessive “drag” at high speeds while 
possessing sufficient “body” to remain in the housing during 
periods of shutdown. Increasing soap content increases the ap- 
parent viscosity, particularly at low rates of shear. According to 
Arveson,* “Low rates of shear are involved in dispensing of lubri- 
cants, approximately 0.1 to 1000 reciprocal seconds, while leakage 
from housmgs and feeding from boxes and cups involves an even 
lower range. Fluid film lubrication involves rates of shear from 
10,000 reciprocal seconds to indefiboitely large values.” Thus a 
family of curves similar to those shown in Figure 5 and covering 
a temperature range including the lowest starting temperature 
and the highest operating temperature for a given mechanism can 
be of extreme value in evaluating the grease to be used in the 
mechanism. 

The Standard Oil Development Company, or SOD, viscometer® 
is a modification of the Arveson instrument. It was designed for 
simplicity and flexibility of operation and is in fairly general use. 

Amner and Blott‘ have described two additional instruments 
for determining the rheological properties of grease and other soft 
solids. The one is a “plunger” instrument in which the grease is 
placed inside a cylindrical container which is closed at one end. 
A solid cylindrical plunger, slightly smaller in diameter than the 
inside diameter of the outer cylinder, is forced into the grease by 
applying a knovm load. From the dimensions of the apparatus, 
the load applied, and the rate of travel of the plunger, the appar- 
ent viscosity can be calculated. The instrument is designed to 
cover rates of shear of the order of zero to 1,000 reciprocal sec- 
onds. The other instrument described by Amner and Blott is a 
pendulum device in which a rectangular block, carried at the end 
of a pendulum arm, is allowed to swing between parallel plates 
which are arranged so that the space between the plates and the 
block is small. This space is filled with a film of grease. The cal- 
culation of viscosity is based on the energy lost by the pendulum 
as it passes through the grease, the thickness of the grease film, 
and the velocity of the pendulum. Higher rates of shear, of the 
order of 50,000 reciprocal seconds, are attainable with this instru- 
ment. 
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Pour Point 

The pour point of an oil is defined as the lowest temperature at 
which the oil will flow when chilled under specified conditions. It 
is somewhat higher than the “solid point.” It is difficult to define 
either po\ir point or solid point precisely, since the transition from 
liquid to solid is a gradual one. The cloud point is defined as the 
temperature at which wax or other dissolved solids first precipitate 
during chilling under specified conditions. 

The pour point may mark the temperatiue at which cr3^tal- 
hzation of wax has proceeded to such an extent that a further 
lowering of temperature would cause flow to cease (“wax pour 
point”) or it may, in the case of wax-free oils, represent the tem- 
perature at which the viscosity is so high that further cooling with 
the attendant further increase in viscosity, causes flow to stop 
(“viscosity pour point”). Oils which are free from wax or other 
components which precipitate on chilling behave like Newtonian 
liquids even at very low temperatures. The viscosity at the pour 
point should be the same for all liquids of this type. This viscosity 
is of the order of 10‘ to 10* centistokes. Velikovskii^^ reports the 
viscosity at the pour point for oils which set in a “viscous man- 
ner” to range from 2,000 to 6,000 poises. This would correspond 
roughly to 2 X 10* to 6 X 10® centistokes. Hennenhofer,** on the 
other hand, reports a value of 3 X 10® centistokes. As mentioned 
previously, pour point cannot be defined precisely, and the vis- 
cosity at the pour point can be defined with even leas precision 
since a small difference in temperature corresponds to a large 
difference in viscosity in this range. 

Moat commercially \ised lubricating oils show a “wax pour 
point” rather than a “viscosity pour point.” Such oils behave as 
Newtonian liquids only at temperatures above the point at which 
wax begins to separate, i.e., above the cloud point. Below the 
cloud point the viscosity of the system is a fxmction both of the 
viscosity of the liquid and the effect of the suspended particles. 
Einstein has shown that the viscosity of a dilute suspension of 
rigid spheres in a viscous liqiiid is given by the equation: 

1 ? = 170 (1 + 2.6 4 >), 


( 10 ) 
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where i; is the viscosity of the suspension, qo is the viscosity of the 
liquid phase, and <l> is the ratio of the volume of disperse phase 
to the volume of suspension. As the oil is chilled further the wax 
crystals increase both in size and in number until a point is reached 
where the crystals interlock and prevent free flow. At this point 
the viscosity is dependent upon the rate of shear in. much the 
same manner previously shown for lubricating grease. 

The “wax pour point” is dependent upon such factors as rate 
of cooling and degree of agitation as well as upon the type of wax 
and pour point depressant present, and their concentrations. 

ASTM Method D97 for the determination of pom point spec- 
ifies that the sample be maintained at a temperature of 115°F or 
lower for at least 24 hours prior to the test.* The sample is then 
cooled systematically under quiescent conditions and observed at 
intervals of 6°F. The pour point is the lowest temperature at 
which the oil fiows when the container is tilted. This is known as 
the upper or maximum pour point. If the sample is heated, e.g., 
to 220°F, immediately before chilling, a considerably lower result 
may be obtained. This value is known as the lower or minimum 
pour point. If the sample is chilled through successive low tem- 
perature cycles a value higher than the “maximum” pour point 
found by ASTM Method D97 is obtained. The ASTM has pub- 
lished a proposed method for “stable pom point” in which the 
oil is taken through three cycles ranging from -1-20 to — 30°F.* 
The highest pour point found in any of the cycles is taken as the 
“stable pour point.” This value may be as much as 40‘’F higher 
than the “maximum pour point” found by Method D97. The 
“minimum” and “maximum” values obtained by Method D97 
may in turn differ by as much as 25°F.i* 

Pom Point Depressants. There are several methods by which 
the pour point of an oil can be reduced. If the pour point is of 
the “viscous” variety it can be reduced only by lowering the vis- 
cosity, either through removing some of the more viscous com- 
ponents or by adding a component of low viscosity. “Wax pour 
point” can be reduced either by removing some or all of the wax 
(dewaxing) or by adding a material which, through selective ad- 
sorption, alters the crystal structure of the wax in such a way as 
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to enhance flow at low temperatures.** Additives of this type are 
known as pour point depressants. Paraflow, which is a poly alkyl 
naphthalene made by condensing chlorinated, wax with naph- 
thalene in the presence of aluminum chloride, is probably the 
most widely known pour point depressant.**- ** Several others are 
available commercially. Paraflow has very little if any effect upon 
the cloud point but may reduce the pour point by 50®F or more 
when used in concentrations of one to two per cent. Microscopic 
examination shows that this additive does not prevent the crys- 
tallization of wax but reduces the size of the crystals. It also re- 
duces the amount of oil held, either by adsorption or entrainment, 
by the wax crystals. Both of these effects are probably caused by 
selective adsorption of the additive on the surface of the wax 
crystals during the initial stages of crystal formation, i.e., while 
the crystals are small. 

The low temperature performance of an oil can be predicted 
only partially from its pour point, which is in essence the tem- 
perature below which the apparent viscosity becomes infinite at 
a very low rate of shear. If an oil is chilled to a temperature below 
its pom point and then warmed, the lowest temperature at which 
it can be primped, e.g., to the bearings in an engine, is determined 
by the pour point." Such properties as crankir]^ torque, on the 
other hand, which involve high rates of shear in the oil, are related 
to the apparent viscosity at high shear-rate and not to the pour 
point." 

Viscosity Temperature Relationships 

The viscosity temperature coefficient of all liquids is high and 
the temperature must be carefully defined in any expression of 
viscosity. The dependence of viscosity upon temperature has re- 
ceived much study. For lubricating oils the following empirical 
equation, often referred to as the Walther equation, serves ade- 
quately, at least over a considerable range: 

log log (7 + ft) = A + B log T, (11) 

where V is the kinematic viscosity in centistokes, T is the absolute 
temperature, A and B are constants for a given oil, and ft is, ex- 
cept for very low values of V, a universal constant. A value of 
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0.8 was ori^naJly used for h, but the ASTM later found the equa- 
tion to £t the experimental data better if a value of 0.6 is used 
for viscosities greater than 1.5 centistokes. This value is now used 
in charts published by the ASTM, and allowance has been made 
for the slight variation in k at low viscoaty. The scales of ordinates 
and abadasae used in these charts are such that when viscosity is 
plotted against Fahrenheit temperature a straight line results. 
Charts are available for either kinematic or Saybolt viscosity. 
An ASTM chart, with several of the lines deleted, is shown m 
Figure 7, together with the viscosity temi)erature curves for some 



Figure 7. Viscosity-Temperature Curves for Typical Oils. 

1. Silicone 5. Mineral oil, 100 VI 

2. Polyalkylene glycol 6. Mineral oil, 0 VI 

3. Diester 7. Mineral oil, 0 VI 

4. Mineral oil, 100 VI 8. Fluorocarbon 
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typical oils, both natural and ssoithetic.* It will be observed that 
the viscosity temperature curve for the silicone is very flat, while 
that for the fluorocarbon is very steep. The slopes of the curves 
for petroleum oils are intermediate. Polyalkylene glycol has a 
slope intermediate between those of the silicone and the petroleum 
oils. The curve for the diester is roughly parallel to those for the 
mineral oils of 100 Viscosity Index. The slope of the curve for 
different mineral oils varies with compomtion. In general, paraf- 
finic components contribute to a flat slope, while aromatic and 
naphthenic components contribute to a steep one. All the curves 
shown in Kgure 7 are linear with the exception of one, (poly- 
alkylene glycol), which shows a slight but distinct curvature 
throughout the temperature range. This curve is typical for this 
class of oils. Curves drawn on this chart for petroleum oils are as 
a general rule linear down to the temperature at which a phase 
separation occurs, i.e., the cloud point. At temperatures below 
the cloud point, where the oil is not homogeneous but consists of 
a suspension of a solid phase in oil, the viscosity or apparent vis- 
cosity is higher than indicated by extrapolation of the linear por- 
tion of the viscosity-temperature curve. The magnitude of the 
deviation varies with the concentration of solid phase. 

In the case of two component systems the function log log (V ■+• 
0.6) of equation (11) is, for practical purposes, related linearly to 
composition as well as to the logarithm of the absolute tempera- 
ture. This makes it possible to calculate the viscosity of blends. 
A chart similar to the ASTM chart shown in Figure 7 but with a 
l ine a r scale of abscissae is useful for determining the viscosity of 
blends graphically. Since the portion of the abscissa scale of the 
viscosity temperature chart ranging from 0 to 100°F is very nearly 
linear, it is often used for this purpose. 

Many means have been suggested for expressing the variation 
of viscosity with temperature in terms of a single number. The 
three which have been most widely used are the slope of the ASTM 
curve, the Viscosity Index, and the Viscosity Pole Height. 

Viscosity-Temperature Systems. A simple method of expressing 
change of viscosity with temperature is the slope of the curve on 

* For a description of these synthetic oils see Chapter 8. 
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the ASTM chart.” This may be determined graphically on the 
chart, or may be expressed mathematically. Walther suggested 
the B of equation (11) as a measure of slope. Bell and Sharps 
proposed a slope number based on an ordinate scale, H, and an 
abscissa scale, K, in which: 

H = 870 log log (7 + Jb) + 164 (12) 

and in which the K scale was chosen so that = 0 at 210°F and 
iiC = 1 at 100°F. The slope then equals (Ht — Hi)/iKi — Ki). 
If the two temperatures chosen are 100 and 210°F, the equation 
reduces to: 

dope “ '^lOD “ jffjio (13) 

The original tables of Bell and Sharp were based on equation (11) 
with a value of k of 0.8. Hirschler** has published a revised series 
of tables based on equation (11) with a value of k of 0.6. These 
tables give H values for viscosities ranging from 2 to 100,000 
centistokes. 

The slope number of petroleum lubricants varies from 200 for 
paraffinic oils to 300 or more for those of naphthenic or aromatic 
nature. Slope number, like “H" values and the function log log 
(7 4- 0.6), are additive. The slope numbers of a blend can there- 
fore be calculated from the composition and the slope numbers of 
the components by simple arithmetic. 

The use of slope numbers for characterizing lubricants has the 
disadvantage that oils of similar composition but different vis- 
cosity, e.g., light and heavy grades from the same crude source, 
usually have considerably different slope numbers. 

The most commonly used method for expressing the relation- 
ship between viscosity and temperature is the Viscosity Index of 
Dean and Davis,”- ” which is based on an empirical scale. The 
standards are two series of lubricating oil fractions, the one ob- 
tained from a Pennsylvania crude which was arbitrarily assigned 
a Viscosity Index (VI) of 100 and the other from a Gulf Coast 
crude which was assigned a Viscosity Index of zero. VI is more 
nearly constant than slope number for oils of similar composition 
but different viscosity. The VI of an oil of a given viscosity at 



36 


THE PERFORMANCE OF LUBRICATING OILS 


210'T' is calculated from its viscosity at 100“F and the -viscosity 
at 100°F for each of the standards having a -viscosity at 210“F 
equal to that of the unkno-wn. 

VI = X 100 (14) 

where L, H, and U are the -viscosities at 100“F of the zero VI 
standard, the 100 VI standard, and the sample, respectively. 
Tables are available in the ASTM manual for determining Dean 
and Da-vis VI from either the kinematic or the Saybolt -viscosity 
at 100“F and 210°F. 

The Viscosity Index scale of Dean and Davis is in general use 
in the United States although it has the foUo-wing deficiencies: 
(1) It is based on arbitrary standards. (2) It is not an additive 
property. (3) In the very high range of VI the scale becomes 
meaningless, smce two oils of equal viscosity at 100°F but widely 
different -viscosity at 210°F noay have the same VI. For example 
an oil with a viscosity of 100 centistokes at lOO^F and either 20 or 
37 centistokes at 210“F has a VI of 160 on the Dean and Davis 
scale. (4) Anomalous Vi’s are obtained in the range of -viscosities 
at 210°F below 8 centistokes. 

Hardiman and Nissan*' have revised the VI system to eliminate 
the last two of these deficiencies. They used viscosity data of 
Dean, Bauer, and Berglund** as a basis and showed that these 
data, which covered a range of -viscosity from 8 to 40 centistokes 
at 210°F and Vi’s from 0 to 100, could be represented by the 
equation: 

Vita — 2.714 Fjio (15) 


or 


_ log 7uo - log 2.714 _ log Vioo - 0.4336 

log Vm log Vnt ^ 

They showed furthermore that VI is related to n by the empirical 
equation: 

VI = 3.63 (60 — antilog n) (17) 

It is possible, by means of equations (16) and (17), to calculate 
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the Hardiman aixd Nissan Viscosity Index of an oil from its vis- 
cosities at 100“F and 210‘’F. Values obtained in this manner agree 
closely with Dean and Davis Vi’s in the range of 0 to 100, pro- 
vided the viscosity at 210°F is greater than 8 centistokes. For 
higher Viscosity Indexes and for lower viscosities the Hardiman 
and Nissan Viscosity Index is free from the anomalies present in 
the Dean and Davis system. 

Two additional modifications of the Viscosity Index system 
have recently been proposed. The Blott and Verver Viscosity 
Modulus^** is based on an equation similar to equation (14) except 
that the logarithm of viscosity, rather than the numerical value, 
is used. Larson and Schwaderer have modified the L series of ref- 
erence oils of Dean and Davis and have substituted for the H 
series a “P series” which represents hypothetical oils having 
constant viscosity with changing temperature.** 

Next to the slope of the viscosity temperature curve on the 
ASTM chart and the Viscosity Index, the most widely used sys- 
tem for expressing viscosity-temperature relationships has been 
the Polhdhe, or Pole Height, of Ubbelohde.*'' This system is based 
on the premise, which is not strictly true, that viscosity-temper- 
ature curves on the ASTM chart for oils of different viscosity 
but from the same crude source or of a similar type intersect in a 
point. This point is known as the Viacositdtspol, or Viscosity 
Pole. The vertical distance between the Viscosity Pole and a 
standard base line is the Pole Height. The Pole Height of par- 
aflBnic oils is of the order of 1 to 2, and of naphthenic oils 3 to 4 
or higher. 

Of the three systems disciissed above, the slope of the ASTM 
curve is the most fundamental and the least arbitrary; however, 
the Viscosity Index is the most widely used. The reasons for the 
popularity of the latter system are threefold: (1) it was published 
first and was widely adopted at a time when no other system was 
available, (2) it uses a convenient scale ranging from 0 to 100 for 
most commercial lubricants, and (3) VI shows little variation for 
different grades of oil of similar composition. The Pole Height 
offers httle, if any advantage over either of the other two meth- 
ods, and it is unlikely that it will supplant either of them. 
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Tablb 3. ViBOOBiTT Tbmpbbattjbb Rblationbrif fob Ttfigal Oils 


oa 

Kln«mfttic VlBcoiily, 
Centlitokes 

ViKOBity Index, 

‘ffnrHimii.Ti nnH MiaMn 

Modification of 

Dean and Davia 

Slons Number, 
mndiler 
Modification of 
Bell and Sharp 

100"F 

210"F 

Silicone* 

. 160 

65 

182 

73 

Polyalkylene glycol^ . . 

. 136 

21.0 

162* 

172* 

Diester® 

12.00 

3.36 

146 

241 

Pennflylvania type‘s. . . 

. 461.0 

30 

100.4 

220 

Pennsylvania type**. . . 

80.2 

10 

08.5 

244 

Gulf Coastal type** 

. 1166.0 

30 

-1.0 

272 

Gulf Coastal typo**. . . . 

. 162.6 

10 

0.6 

291 

Pluorocarbon* 

. 636 

9.06 

-600 

386 


* Data taken fixua droular on Dow Coming Fluids published by Dow Corning Corporation. 

^ Data taken from referenoe 04, Chapter 8. 

^ Data taken from reference 22, Chapter 8. 
d Data taken from reference 12, Chapter 2. 

* Data taken from reference 07, Chapter 8. 

* These TBiuea do not have the same signifinatioft as the others, sinoe the ASTM curve for this oil is not 
linear. However, the VI and dope number do indicate the average slope in the range of 100 to 810”F. 


The slope number and Viscosity Index of a few typical oils, 
both natural and synthetic, are shown in Table 3. The oils repre- 
sented here are the same as those whose viscosity temperature 
curves are shown in Figure 7. 

Ramser" and Wright" have recently offered new systems, called 
the Viscosity Temperature Rating and the Viscosity Tempera- 
ture Function, respectively. Both are mathematical expressions 
based on viscosity values at two temperatures, and are not based 
on reference standards. 

Viscosity Index Luprovers. Certain high molecular weight poly- 
mers raise the Viscosity Index of an oil when added in relatively 
low concentration. The best known commercially used VI im- 
provers include polybutene, polymethacrylate, and aUdyated 
polystyrene.** Their effect is partially one of normal blending. 
The pol 3 aners themselves possess relatively flat viscosity tem- 
perature curves, and their addition to a mineral oil raises the log 
log (V -I- 0.6) at 210°F more than at 100°F. However, the better 
Viscosity Index improvers show effects too large to be accounted 
for on this basis alone. 

The effectiveness of high molecular weight polymers in increas- 
ing the Viscosity Index of a mineral oil or other solvent is asso- 
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dated with the limited solubility of the polymer m the solvent." 
Evans and Youngs* have proposed two theories to account for 
the influence upon Viscosity Index of polymers through their 
limited solubility. According to the first theory the polymer exists 
either in true solution or in colloidal suspension. For polymers of 
this nat\ire the effect upon viscosity is known to be greater in the 
former state. If, therefore, the solubility is appreciably higher at 
210“F than at 100“F, then the relative effect upon viscosity will 
be greater at the higher temperature and the Viscosity Index of 
the blend will be increased. The second theory is similar to the 
first except that it does not reqmre a colloidal state but rather a 
highly convoluted state of the polymer molecules, caused by 
strong self-associating factors of the polymer in the poor solvent. 
A transition from true solution to the convoluted state, analogous 
to the change from solution to the colloidal state in the first the- 
ory, takes place with decreasing temperature. This effect is in 
certain cases so pronounced that the temperature viscosity co- 
efficient over a narrow temperature range is positive, i.e., an in- 
crease in temperature results in an increase in viscosity. This 
point is illustrated in Table 4. 

A similar theory has recently been advanced to account for the 
high Viscosity Index of silicones. Fox, Taylor, and Zisman** have 
concluded, on the basis of spreading pressure measurements, that 
silicone molecules are capable of coiling reversibly into helices 
made up of about six monomers per turn. They postulate that as 
the temperature is increased the polymer lengthens through un- 
coiling of the helix. They conclude further that this particular 
behavior, which is not found in the corresponding carbon deriva- 


TaBLB 4. ViHCOSiTY OF SOLUTION OP PoLYBUTMNK IN BbNZBNID* 
Concentration, 10 g/liter 

Temperature, Viacoaity, CcnUatokes 


26.0 

37.8 

39.0 

40.0 

41.0 

42.0 

* Data from Evuna and Young.^* 


2.31 

2.47 

2.56 

2.58 

2.65 

2.62 
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tives, is associated with the large size of the silicon atom in com- 
parison with that of the carbon atom. 

Since the effectiveness of a polymer is dependent in a large de- 
gree upon its solubility characteristics and since solubility is de- 
termined both by the solute and the solvent, it follows that the 
relative effectiveness of a series of Viscosity Index improvers may 
be different for different oils. Evans and Young^' determined the 
Viscosity Index of four different stocks, each with varying con- 
centrations of three different VI improvers. The base stocks had 
Viscomty Index values of +106, —78, —190, and —324; the VI 
improvers were polybutene (I), a condensation product of highly 
chlorinated wax and naphthalene (II), and polycetyl methacrylate 
(III). The 105 VI oil rated the three polymers in the order III, 
II, I, with III the most effective. The —78 VI oil rated them in 
the order II, III, I and the —324 VI oil in the order I, II, III. 
The —190 oil rated II above III and I either best, intermediate, 
or poorest, depending upon the concentration range. 

The ASTM viscosity temperature curves for oils containing 
Viscosity Index improvers are as a general rule not linear, al- 
though they may approach linearity. The exact behavior of such 
oils over a wide temperature range can be determined only from 
viscosity measurements at additional temperatures. 

When oils containing VI improvers are subjected to high rates 
of shear they often suffer a loss in viscosity and Viscosity In- 
dex.**- *^- ” This loss in viscosity may be either or both of two 
fundamentally different types, namely, permanent and temporary. 
The former is believed to be associated with a breakdown, either 
mechanical or chemical, of the relatively large polymer molecules 
into s m a ll er units. The latter, which is simply a departure from 
Newtonian behavior, is believed to be caused by an alignment of 
the polymer molecules at high rates of shear. 

Fenske, Klaus, and Dannenbrink*® have developed a capillary 
instrument for measuring viscosity at shear rates up to 1,000,000 
reciprocal seconds. Needs*® has made similar measurements in a 
Kingsbury tapered plug. Agreement between the two methods, 
when applied to polymer-containing oils, was found to be good. 

Polymers differ in their viscosity stability, both permanent and 
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temporary. In general, those of high molecular weight, which are 
incidentally the most effective as VI improvers, are the most sus- 
ceptible to permanent loss in viscosity at high shear rates.** The 
choice of a VI improver for a given application is, therefore, often 
a compromise between optimum effectiveness and viscosity sta- 
bility. Fleming and co-workers** ran tests of moderate severity in 
passenger car engines on five crankcase oils composed of various 
combinations of three base stocks and three VI improvers. They 
foimd permanent losses in viscosity at 210°F ranging from 0.8 to 
4.6 Saybolt units, and losses in Viscosity Index ranging from 3 to 
9 units. 

Fleming and co-workers** measured apparent viscosity at 210“F 
as a function of rate of shear and fo\md that a polymer blend ex- 
hibited only a 6 per cent temporary loss in viscosity at shear rates 
of 500,000 to 700,000 reciprocal seconds. Georgi,*’' on the otlier 
hand, ran similar tests on three blends, each containing a cliiTerenl. 
VI improver, and foimd in every case that the apparent visc^osity 
of the blend approached the viscosity of the undoped oil at shear 
rates of only 140,000 reciprocal seconds. 

Multigrade Motor Oils 

A conventional lubricating oil will normally meet the viscosity 
requirements of only one of the SAE grades described in Tabh^ 2. 
An SAE 30 oil, for example, would have too liigh a viscosity at 
O^F to meet the SAE 20W requirements. However, by tlio u.'-'c of 
VI improvers it is possible to meet two or more specili<uitions 
simultaneously. For example, the following combinations an; 
possible; 


Designation 


Extrapolated Viscoaity 
at 0“F. Saybolt 


Mraitured Vltu oMly 
ul 21(rK, SuylMill 


20W-40 48,000 max. 

lOW-30 12,000 max. 

6W-20 4,000 max. 


70 1 1> Sfi 
.W 1,0 70 
4.') t.o 5S 


Multigrade oils, which actually behave like the heavier gra<lc 
at high temperatures and like the lighter grade at low l(onper{i- 
tures, have attained a high degree of popularity in a rt>lativcl\- 
short time. They were first introduced in quantity in 19r)3, and 



42 


THE PERFORMANCE OF LUBRICATINO OILS 


within three years they had captured almost half of the motor oil 
market m some areas, and about 20 per cent of the national mar- 
ket.” 

The development of multigrade oils has been an important 
step forward. Frazier, Klingel, and Tripa” showed that low oil 
consumption is associated with high viscosity at 300°F, but that 
low engine friction, and hence high fuel mileage, is associated 
with low viscosity at 210°F. Thus multigrade oils, with their 
relatively flat viscosity-temperature curves, are to be preferred 
from a combined standpoint of friction and oil consumption. 

Despite the popularity of multigrade oils, several investigators 
have pointed out the inadequacy of extrapolated viscosity at 0"F 
as a measure of low temperature performance in the engine. Fore- 
man*® found that polymer blends show a considerable deviation 
between measured and extrapolated low temperature viscosity. 
Malone and Selby” advocate substitution of a measured value 
at a specified shear rate. Fischl, Horowitz, and Tutwiler,*^ on the 
basis of cold-starting tests, concluded that low temperature vis- 
cosity should be determined at a shear stress of about 10' dynes 
per cm*. 

Viscosily Pressure Relationships 

The viscosity of a liquid is a function of both temperature and 
pressure. A small increment in pressure has a much smaller effect 
than a small increase in temperature. Considerably less work has 
therefore been done on the effect of pressure. However, lubricating 
oils may be subjected to extremely high pressures, under which 
their viscosities are increased appreciably. 

Much of the influence of either pressure or temperature is un- 
doubtedly connected with the effect of these variables upon inter- 
molecular distances. A decrease in temperature or an increase in 
pressure decreases the distance between molecules. This decrease 
is evidenced by an increase in density. Faust proposed the theory 
that the viscosity of a liquid at varying temperature and pressure 
is a function of density alone.” However Bridgman showed, by 
measurement on forty-three liquids at two temperatures (30° and 
75°C) and several pressmes ranging from 1 to 12,000 atmospheres. 
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that Faust’s theory is an oversimplification.*® When viscosity is 
plotted against density for two temperatures, two curves are ob- 
tained, one for each temperature. 

Dow and co-workers^®- measured the viscosities of a num- 
ber of lubricating oils at 100, 130 and 210°F and at pressures 
ranging from 1 to 4000 atmospheres. The effect of composition 
upon the slope of the viscosity-pressure curve was foimd to be 
analogous to the effect upon the viscosity-temperature curve, viz., 
parafSnic oils show the least effect and aromatic and naphthenic 
oils show a greater effect. This point was established by measure- 
ments on a Pennsylvania oil, which is highly paraffinic; an Okla- 
homa oil, which is somewhat less paraffinic; and a CaJifomia oil, 
which contains a low concentration of paraffinic components. 
The Pennsylvania oil with a viscosity of 40 centipoises, showed a 
26-fold increase in viscosity at a pressure of 26,000 psi. The Okla- 
homa and a California sample of the same viscosity at 130®F and 
atmospheric pressure showed a 36- and 100-fold increase, respec- 
tively, at 26,000 psi.*® Additional measurements on the acetone 
raffinate and extract of a Pennsylvania Neutral®* and on Russian 
and Rumanian*’^ oils confirmed the earlier observation by Dow 
that mineral oils of low viscosity-temperature slope (high Vis- 
cosity Index) have low viscosity-pressure slopes. 

Bradbury, Mark and Kleinschmidt** have measured the den- 
sity and viscosity of a number of oils of different composition at 
pressures up to 160,000 psi and at temperatures from 32 to 426°F. 
Viscosity values ranged from 5 to 500,000 centipoises. 

Hersey and Hopkins*® have recently published a comprehensive 
review of coordinated data of twelve investigations dealing with 
viscosity-pressure studies. 
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Chapter 3 


OXIDATION* 


Introduction 

While oils for various applications must meet widely different 
specificationa, they have one requirement in common— they 
should undergo a minimum of change during use. Changes in 
properties during operation, are due partly to extraneous contam- 
ination, but largely to chemical changes in the oil molecules them- 
selves. These chemical reactions are principally those involving 
oxidation. 

Oxidation of a lubricant in some cases benefits certain prop- 
erties. Tor example King’* found, in a test employing a journal 
bearing at a pressure of 1000 lb per square inch of projected area, 
that preoxidation of a mineral oil reduced its coefficient of friction 
and increased its “critical seizure temperatvire” by 145°C. Similar 
results were published by Exline, Kramer, and Bowman.” How- 
ever, the same effect could probably have been realized by the 
addition of a small amount of polar compound, without the at- 
tendant disadvantages of the oxidation treatment. Another ex- 
ample is cited by Baker,' who reports that the addition of 10 per 
cent of used turbine oil to a fresh charge imparts rust-preventive 
properties not present in the fresh oil. This method of rust pre- 
vention is not without penalty, however, since other properties of 
the oil, notably service life and the ability to separate entrained 
moisture, are drastically damaged. It has accordingly been largely 
supplanted by the incorporation of a trace of highly effective 
compoimd. These additive-type oils are much more effective as 
rust preventives than the previous blends of new and oxidized 
oil, and the additive has very little effect upon other properties. 

Oxidation of a lubricating oil leads to such difficulties as bear- 
ing corrosion, ring sticking, lacquer and sludge formation, and 

* This chapter was originally based on a paper published in Chemical Revs.y 38, 
197-226 (1940). 
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excessive viscosity. It is sometimes possible to overcome the harm- 
ful effect of a given class of oxidation products. An example of 
this approach to the problem is the addition of dispersants, which 
peptize colloidal oxidation products and prevent their deposition 
as lacquer.* Another example is the use of certain sulfur-contain- 
ing additives which, in addition to performing other functions, 
passivate bearing surfaces and thus prevent corrosive acids which 
may be present in the oil from attacking the bearings, t While 
methods such as these are commonly used, the over-all control of 
oxidation is nevertheless essential, not so much to eliminate the 
need for specific additives other than antioxidants, but to reduce 
the burden imposed upon them. 

Temperature plays a very important role in determining oxida- 
tion rates, and very little deviation in temperature can be toler- 
ated in rate studies if reproducible results are to be obtained. 
Most of the studies reviewed in this chapter were made at tem- 
peratxires between 100 and 200“C. Below 100"C the rates are 
quite low, and above 200°C they may be very high. Diamond, 
Kennedy, and Larsen‘* conducted tests with oxygen at atmos- 
pheric pressure at temperatures of 220°C and higher. They found 
that the oxidation rate increased by a factor of 42 in going from 
220 to 275‘’C. At 280'’C, spontaneous ignition occurred. 

Oxidation Products 

Pure Hydrocarbons. Lubricating oils are composed of such a 
complex mixture of hydrocarbons that it is extremely difficult to 
identify specific compounds in their oxidation products, except 
for such degradation products as water, carbon dioxide, and some 
of the lower carboxylic acids. However, since lubricating oils are 
composed primarily of hydrocarbons, including three main groups 
— ^namely, paraffin, naphthene, and aromatic — ^it is of interest to 
examine the literature on the oxidation of pure hydrocarbons of 
these three types under conditions comparable to those encoun- 
tered by oils in actual use. 

Chavanne and co-workers®- ®- have studied the oxidation of a 

* See Chapter 6. 

t See Chapter 4. 
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few paraffins and naphthenes. They oxidized n-decane, n-nonane, 
and 7M)ctane with oxygen at atnoiospheric pressure and a tempera- 
ture of 120°C. The gaaeous oxidation products, which account for 
10 per cent or so of the total, were similar in aU three cases, and 
included 30 to 40 per cent of carbon dioxide, 1 to 3 per cent of 
carbon monoxide, 5 to 7 per cent hydrogen, and 1 to 2 per cent 
of saturated hydrocarbons. The liquid products contained water, 
succinic add, and formaldehyde. The three hydrocarbons pro- 
duced a preponderant amount of methyl octyl, methyl heptyl, 
and methyl hexyl ketones, respectively, as well as a series of car- 
boxyUc adds ranging from formic to C,^.i , where n is the number 
of carbon atoms in the hydrocarbon. n-Octane formed, in addi- 
tion, a small amount of octanol. These data would indicate that 
attack of a paraffin by oxygen under these conditions is not at 
the terminal carbon, but at the carbon in the CHa group adjacent 
to the terminal CHi group. This is consistent with the views of 
Burwell,* who states that whereas at high temperatures terminal 
carbons are attacked to produce aldehydes, at lower temperatures 
(ca. 150°C) the beta carbon is involved primarily, the gamma 
secondarily, and so on toward the center of the molecule. Thus 
formic, acetic, and propionic acids would be expected in order of 
decreasing concentration. Fenske et al“- *• actually found this to 
be the case in an analysis of the volatile products resulting from 
the oxidation of a lubricating oil at temperatures of 130 to 180°C. 

George, Bideal, and Robertson" found that Cu and Cjs paraf- 
fins and alkylbenzenes are oxidized at 100 to 120°C to form hy- 
droperoxides, which accounted for 60 to 80 per cent of the oxygen 
absorbed by the alkylbenzenes, and which decomposed almost 
exclusively to give ketones in the case of the paraffins. The pres- 
ence of peroxides in high concentration in the early stages of 
oxidation has also been shown by Larsen and co-workers.” For 
example, in the oxidation of decalin at 110°C, peroxide is the prin- 
cipal oxidation product until upwards of 5000 cc of oxygen per 
100 g of hydrocarbon has been absorbed. Balsbaugh and Oncley* 
found that tetralin, decalin, and cetane are oxidized almost ex- 
clusively to peroxides in the early stages of the reaction at tom- 
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peratures ranging from 30 to 100“C. aiTnilar results liave been 
reported by Domtei^ and by Denison^ regarding the oxidation of 
white oils. Several investigators have shown that water is one of 
the principal oxidation products of lubricating oils.’^^- 
Fenske and co-workers** report that water can account for as much 
as 44 to 70 per cent of the oxygen absorbed by an oU. In view of 
the above, the mechanism of the oxidation of a paraffin at tem- 
peratures in the range of 100 to 200‘’C can be postulated as fol- 
lows; 


H H 0— 0— H 

O, -b CH,(CHj)«— i— i— H CH,(CH,)»— i— CHa - 

A 




Paraffin 


Hydroperoxide 
CH,(CH2)„C0CH, -h H,0 
Ketone 

Oa -t- CH,(CHa)„COOH, CH,(CH,),COOH + HCHO 

Ketone Carboxylic add Formaidehyde 


In addition, there would be some primary attack on the gamma 
rather than the beta carbon atom. This would result in the forma- 
tion of a ketone of the same number of carbon atoms, but with 
the C=0 group shifted one carbon atom toward the center of 
the molecule. The corresponding carboxylic acid would contain 
one less carbon atom than shown above, and acetaldehyde, rather 
than formaldehyde, would be split off. The acids can be oxidized 
further through attack at other carbon atoms, and the aldehydes 
are probably oxidized further to the corresponding carboxylic 
acids and, to some extent, to carbon dioxide and water. The for- 


OOH 


CH,(CH,) 




I 

H 


CH, 


Hydroperoxide 


OH 


CH,(CH2)„— 


A 

I 


— CH, + O 


H 

Alcohol 
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matioii of alcohols would require a reducing action on a hydro- 
peroxide, the latter losing one atom of oxygen in acting as an 
nTiHigiiTig agent. Esters could be formed by the condensation of 
an acid and an alcohol. 

Chavanne and Bode® have made an extensive study of the 
oxidation products of 1,4-dimethylcyclohexane. Conditions were 
the same as in the case of the oxidation of the three paraffins 
mentioned above, except that the temperature was 100°C instead 
of 120‘’C. They started with 116 g of hydrocarbon and recovered 
21 g of unreacted material, so that 95 g was oxidized. The oxygen 
consumed amounted to 30.7 g, and 123 g of oxidation products 
were recovered, as compared with a theoretical value of 95 -1- 
30.7, or 125.7 g. The principal oxidation product was 1,4-di- 
methylcyclohexanol, which was present in sufficient quantity so 
that 30 g were recovered in pure form. Other products included 
water (amount not given), carbon dioxide (5.2 g), j3-methyl-6- 
acetylvaleric add (8-9 g), acetic acid (4-5 g), j8-methylvaleric 
acid (2-3 g), dimethylcyclohexanediol (5.5 g), and acetonylacetone 
(0.5 g). Small amounts of hydrogen, carbon monoxide, methane, 
ethane, and formic add were also detected. 

The authors postulated the formation of a hydroperoxide as 

CH, H, H, OOH 


. . CH, 

the first step in the oxidation of 1,4-dimethylcyclohexane. In 
that re£^ct, the mechanism would be identical with that pro- 
posed earlier in the chapter for the oxidation of a paraffin, except 
that a tertiary rather than a secondary carbon atom is the vul- 
nerable point of the molecule. The next step differs somewhat, 
however. The paraffin peroxide apparently decomposes largely 
through dehydration to give the corresponding ketone and, to a 
lesser extent, by reduction to the alcohol. The naphthene peroxide, 
on the other hand, apparently decomposes largely through reduc- 
tion to the alcohol. This may be due in part to the fact that the 
tertiary carbon atoms in this particular hydrocarbon act as re- 
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ducing agents for the peroxide, according to the following equa- 
tion: 


H H, H, OOH 

H H, H, CH, 

c.>«<c. 


Hydroperoxide of 1,4“ 

1 ,4-DimeO),ylcydohex(me 

dimethylcyclohexarie 

H H, H, OH 


^ >Q< 

CH* HTHt CH, 


1 , 4-Hirne(hylcydohexcmol 

The formation of the diol can be explained in the same manner. 


The other oxidation products no doubt form as a result of further 
oxidation of the hydroperoxide, resulting in rupture of the naph- 
thene ring. This mechanism necessarily differs from that involved 
in the paraffin in that a ketone cannot be formed, except by rup- 
ture of a C — C bond, for a tertiary carbon atom is involved. Thus 
the peroxide itself, and not the ketone, is oxidized further. An- 
other difference is to be found in the oxidation products. The 
paraffin oxidizes to give first a peroxide, then a ketone, then an 
acid plus a “volatile oxidation product” — ^namely, formaldehyde 
or acetaldehyde or the corresponding acid. The naphthene per- 
oxide can be oxidized with a ruptvire of a C — C bond and still 
form a product containing the original number of carbon atoms, 
as follows: 


H Hj H, OOH 



-f- Os 


CH, HTH, oh, 

Hydroperoxide of 
1 ,4-dimetiiyleyclohexane 


H GHs— CH* O 

\ / \ 

C C— CH, -1- H,0 

CH,^ ^CHs— C=0 


i; 


H 


fi-Methyl’-S-acetylvaleric add 
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Further attack of this molecule at' the other tertiary carbon atom 
■would explain the observed formation of acetonylacetone, as in- 
dicated by the following mechanism: 

OHO 0 OOH 0 

CHaljCHiCHiioHji!— OH + O, CH,l!CH»CH2(!3CH,i) 



fi-MethyUuxiyloaJenc add Hydroperoxide of ff-methylS 

acetyhcderic add 

CH,COOH,CH,COCH, + GHjOHCOOH 
Acetonylacetone Glycolic add 


Glycolic add was not reported by the authors. It may have been 
present and escaped detection, or it may have oxidized further to 
simpler end products like formic acid and carbon dioxide and 
water. The formation of )8-methylvaleric acid can be explained 
by the further oxidation of the hydroperoxide of the hydrocarbon 
with two molecules of oxygen, and a split of the naphthene ring 
on either dde of the tertiary carbon. This would result in the for- 
mation of one molecule of acetic add and one of /3-methylvaleric 

H H, H, OOH 

>o< 

OH, hTh, oh, 


1 ,4-IHmethylcyclohexcme 
hydroperoxide 


H OH,— CH, 

O 

/ \ / + 

CH, CH,— C 

\ 

OH 


CHjCOOH 


fi-Methylvaleric add Acetic add 


acid. This does not explain the formation of hydrogen, methane, 
and ethane, which are probably formed through cracking. How- 
ever, since these substances are formed only in very low concen- 
tration in comparison with the other products, their presence does 
not invalidate the reaction mechanisms as outlined above. 
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Dupont and Chavanne**’ studied tbe oxidation of the three 
cyclopentane derivatives ethyl-, butyl-, and phenylcyclopentane, 
again under conditions of slow oxidation. In every case they ob- 
tained a straight-chain ketone containing the original number of 
carbon atoms. These were ethyl n-butyl ketone, an Tinidenttfied 
nine-carbon ketone which we shall assume to be dibutyl ketone, 
and phenyl butyl ketone, respectively. These three naphthenes 
probably formed hydroperoxides at the tertiary carbon atom in 
the same way that dimethylcyclohexane was oxidized; however, 
the peroxide then decomposed principally by reduction to the 
aliphatic ketone rather than to the cyclic alcohol as in the case 





OOH 



Ethylr, butyU, or 
phmylcylopentane 


Hydroperoxide 


H,C 




CH, 


\ 


OHsGH; 


O 


R 


+ O 


Ethyl butyl, dibutyl, or 
phenyl butyl ketone 


of the cyclohexane derivative. Thus the end product resembles 
that formed from a paraffin, the only difference being that the 
paraffin hydroperoxide decomposes to the ketone by dehydration, 
losing one molecule of water, while the naphthene does so by re- 
duction, losing one atom of active oxygen. The reason for the 
difference in the behavior of the Cs and Ce naphthenes is not 
clear. It could have been caused by the presence of two tertiary 
groups in the latter and only one in the former, or by the differ- 
ence in size of either the ring or the side chains, or possibly to a 
difference in conditions. 

Ethyl- and butylcyclopentanes also formed the 8-keto deriva- 
tives of heptanoic and nonanoic acids, respectively. These were 
probably formed by oxidation of the peroxide in the same manner 
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in which /3-methyl-J-acetylvaleric add was produced from di- 
methylcycJohexane. The former cyclopentane derivative also pro- 


OOH 



+ 0 * — »■ 


Hydroperoxide of eOiyU 
or buitylcydopenUme 


CHgCHiOOCHjCH.CHiCOOH 
S-Ketoheptanoic add 


or 

CH,OH,CHiOH»COCH,CH»OH,OOOH 
S-Ketononanoic acid 


duced formic and propionic acids, and the latter butyric and 
valeric acids as products of further oxidation. Phenylcyclopentane 
also produced 5-phenylvaleric acid and benzyl alcohol. The for- 
mation of the former is of particular interest. This compound has 
the same empirical fomiula as the hydroperoxide of phenylcyclo- 
pentane; hence the acid could conceivably be formed from the 
peroxide by a molecular rearrangement. The peroxide in this case 
would probably not be the one with oxygen attached to the ter- 
tiary atom, but the one with oxygen attached to the naphthene 
carbon adjacent to it. The rearrangement would then include a 
break of a C — C bond, the transfer of a hydrogen atom from one 
carbon to another, aud the transfer of an OH group from oxygen 
to carbon. Benzyl alcohol is possibly a degradation product of 

OH,— OH, 

o< 

OH— OH, 

ioH 

Hydroperoxide S-PhenylvaUric add 


^CH,CH,CH8CH,C00H 


this acid. Stevens" and Stevens and Roduta" have made an in- 
teresting study of the slow oxidation of a series of benzene de- 
rivatives. They bubbled oxygen through the hydrocarbon for a 
number of days at temperatures ranging from 80 to 140°C and 
analyzed the products formed. Their data are summarized in 
Table 6. It will be seen that oxidation always centers about a 
carbon atom attached to the benzene ring. The methylbenzenes 
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Tablx 6. Oxidation of Benzdnii AsouATica 
Data fioiXL Stevens** and Stevens and Roduta** 



Oxidation 

Temperature, 

“C 

Conditioni 
crime, hr) 

Grams of Product per 100 g of 
Hydrocarbon 

Toluene 

100 

48 

Trace of aldehyde 

m-Xylene 

100 

30 

2.1 g toluio adlehyde; 1.1 g 
toluio acid 

Meaitylene (1,3,6-trimeth- 
ylbenzene) 

100 

24 

2.1 g 1,3-diinethylbenzalde- 
hyde; 1.4 g mesitylenic acid 

Diirene (1,2,4, S-tetra- 

methylbensene) 

100 

g 

6.8 g durylic aldehyde; 4.9 g 
durylic acid 

p-Cymene (l-methyl-4-iso- 

85 

14 

1.2 g cumic aldehyde; 0.8 g 

propylbenzene) 

102-4 

14 

cumic acid 

Cumic aldehyde; cumic acid; 
2 g p-tolyl methyl ketone; 
formic acid 

Ethylbenzene 

110-16 

24 

10 g acetophenone 

n-Propylbenzene 

102-4 

26 

Resin 


78 

36 

Trace of propiophenone 

Cumene (isopropylben- 

102-4 

23 

4 g acetophenone 

zene) 

80 

32 

Formic acid 

/er^-Butylbenzene 

102-4 1 

26 

Trace of nonvolatile residue 

E thy Imethylphenylme th- 

119 

14r-29 

2-10 g acetophenone 

ane 

140 

00 

7.6 g acetophenone; 4.2 g ben- 
zoic acid 

n-Butylmethylphenyl 

methane 

119 

14-29 

2-10 g acetophenone; butyric 
acid identified by odor 

Methyl diphenylmethane 

119 

14-29 

2-10 g benzophenone; formic 
acid 

Triphenylmethane 

119 

14-29 

2-10 g benzophenone; phenol 

Diphenylmethane 

119 

14-29 

2-10 g benzophenone 


all formed aldehydes containing the same number of carbon atoms 
as the parent molecule, and the substituted benzenes containing 
larger groups all formed ketones containing a phenyl group plus 
the other R group originally attached to the benzene ring, or the 
smaller of the two groups in the case where two groups were pres- 
ent. Acids, resulting from, the further oxidation of aldehydes or 
ketones, were also formed, as well as acids of low molecular weight 
which formed from the fragments split off in the formation of 
ketones from secondary compounds. Alcohols were not formed in 
detectable quantity in any instance. 
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WMle Stevens does not report the presence of peroxides, it 
would appear probable that oxidation in every case was initiated 
by peroxidation to the hydroperoxide at the carbon adjacent to 
the bemene ring. This peroxide then decomposes by dehydration 
to the aldehyde or ketone, respectively, depending upon whether 
the starting material contained methyl or larger groups, or by 
the loss of a molecule of alcohol to form a ketone in the case of a 
tertiary hydrocarbon. The aldehydes may then be further oxidized 
to acids, and the alcohols to aldehydes and then to acids. The 
ketones are oxidized further to benzoic acid, probably by the same 
mechanism proposed earlier for the oxidation of a paraffin to the 
add of lower number of carbon atoms via the hydroperoxide and 
ketone. These reactions, which would explain all of the products 
Stevens reports, are illustrated below; 



Durylic aldehyde 


CH, 

CH,<( ^CHO + 1/2 0, 
CH, 

Durylic aldehyde 



The reactions of toluene, xylene, mesitylene, and p-cymene may 
be written in exactly the same manner, the products in every case 
bemg aldehydes and acids containing the same structure in the 
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caxbon akeletoa as the original hydrocarbon. The reaction for 
ethylbenzene (and 7i-propylbenzene) is represented as follows: 

E 

+ 0 » — 

Ethylhenserie (or 
projtyJhemeTut) 



OOH 

<( ) >COR + H,0 

Hydroperoxide Acetophenone (or 

propiopherume) 

0,H,COR + O, C.H 5 COOH + R'CHO 
Acetophenone (or Bemcoic add Formaldehyde 

propiophenone) (or acetaldehyde) 

R'CHO + 1/2 0* R'COOH 

Formaldehyde Formic add 

(or acetaldehyde) (or acetic add) 

Benzophenone could be formed from diphenyhnethane by the 
same mechanism shown for the oxidation of ethylbenzene to aceto- 
phenone. 

Cumene, ethyhnethylphenylmethane, methylphenylpropyl- 
methane, butyhnethylphenylmethane, methyldiphenylmethme, 
and triphenyknethane can all be represented by the structural 
formula, 


R 



where R and R' are H or alkyl or phenyl groups which may be 
alike pr different, R is the smaller of the two in cases of unequal 
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size. p-Cymene may aJso be thought of as belougiiig to this group, 
although it coutaius an additional methyl group on the benzene 
ring. These hydrocarbons are probably oxidized according to the 
following scheme: 


B R 



Hydrocarbon Hydroperoxide 


)>COR + R'OH 
Ketone Alcohol 

R'OH + 1/2 0, R"COOH 
Alcohol Add 

jert-Butylbenzene cannot form a hydroperoxide at the carbon 
adjacent to the benzene ring, since this is a quaternary carbon. 
This may account for the fact that very little oxidation of this 
compound took place under conditions comparable to those for 
the other hydrocarbons. 

Chemozhukov and Krein^ studied the oxidation products of a 
number of hydrocarbons, although they did not report the oxida- 
tion products in detail as did the previously reported investiga- 
tors. Their technique differed somewhat in that they used a bomb, 
and oxygen or air at a prossure of 15 atm. They used temperatures 
of 110 to 150°C for the most part, which are comparable to those 
used by Chavanne and by Stevens. They found that substituted 
naphthenes are more unstable than unsubstituted ones, and at- 
tribute this to oxidation at the carbon of the ring attached to the 
alkyl group. They point out that this behavior — ^namely, the 
splitting of the ring — ^is in marked contrast to that of aromatic 
rings, which remain intact. Both of these observations are in line 
with the mechanisms proposed above for the initial oxidation of 
naphthenes and aromatics. They found that aromatics in general 
tend to give condensation products to a much greater extent than 
do naphthenes. 
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Larsen., Thorpe, and Annfield” studied the rate of oxygen ab- 
sorption of a number of hydrocarbons at temperatures of 110 to 
150°C and at an oxygen pressure of 1 atm. While they did not 
analyze the products for specific compounds, they did report 
various functional groups. Thirty-nine compounds were investi- 
gated. These are tabulated in the section on “Oxidation Bates.” 
The average values for the products of oxidation of five classes of 
compounds are given in Table 6. Conditions of oxidation were 1 
atm of oxygen and 110°C, except in the case of the less reactive 
naphthalene compounds, in which case the temperature was raised 
to 150°C. The total amount of oxygen absorbed varied from less 
than 100 cc to more than 10,000 cc per mole. In most cases it was 
of the order of 5000 cc per mole. 

The figures in Table 6 cannot be regarded as absolute, since 
the total of the various products for a given hydrocarbon varied 
from 63 to 157 per cent of the total oxygen absorbed. However, 
in most cases these totals lay between the limits of 80 to 120 per 
cent, and the data shown in Table 6 are probably quite accurate 
as regards the average distribution of oxygen. Peroxides do not 
constitute a major oxidation product; however, Larsen et d. have 
shown” that peroxide content rises sharply in the early stages of 
oxidation and then falls. The free add, alcohol, carbonyl, water, 
and volatile acid can all be explained as decomposition products, 
and further oxidation products of the peroxides and the combined 


Table 6. Oxidation Pboducts of Five Clabbeb op Hydrocarbons 
Data taken from Larsen, Thorpe, and Armfield”; all values expressed 
as percentage of total oxygen consumed 


Clau of Hydrocarbon 

Free 

Add 

Com- 

bined 

Acid 

(Ester) 

Perojc- 

Ide 

Alcohol 

and 

Phenol 

Car- 

bonyl 

H*0 

COi 

Volatile 

Adda 

Paraffin 

Naphthene and alkyl- 

14.3 

1 

16.3 

D 

1.9 

46.0 

43.9 

4.7 

— 

naphthene 

11.2 

17.0 

13.6 

8.9 

61.4 

21.9 

3.8 

0.6 

Aromatic naphthene 

6.1 

23.1 

4.3 

8.6 

27.2 

16.7 

1.2 

0.4 

Alky Ibenzene 

Naphthalene and alkyl- 

9.5 

12.7 

6.7 

3.3 

36.3 

18.2 

6.5 

Trace 

naphthalene 

6.Q 

16.3 

1.4 1 

1 

9.4 

9.6 

51.3 

7.8 

1.6 
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acids, as determiaed by saponification value, by condensation re< 
actions. 

No value is listed for the average value \inder “volatile acids” 
for parafiSns, since this value was reported for only one paraffin, 
hydropolyisobutylene. The value of 6.0 per cent reported is con- 
sidered significant, in view of the fact that it is so much higher 
than those for the other hydrocarbons. It will be recalled that 
earlier in the chapter it was pointed out that, according to the 
proposed theory, a paraffin can be oxidized to an acid only through 
the splitting off of a Ci , or sometimes C* , or larger, fragment, 
which would appear as aldehyde or add. Polyisobutylene also 
showed a relatively high percentage of oxygen absorbed as “vola- 
tile add” (6.3 per cent), although the other olefin examined, 
tetraisobutylene, gave only 0.8 per cent. 

Larsen et dl.*^ found, as did Chemozhukov and Krein, that aro- 
matics give condensation products which darken the oil and pre- 
cipitate, whereas paraffins and naphthenes remain homogeneous 
and light in color upon oxidation. 

Mixtures and Petroleum Fractions. Larsen et al.** also deter- 
mined fimctional groups in the oxidation products of a number of 
lubricating oils. Oxidation was carried out in the same equipment 
and under the same conditions used in the study of pure hydro- 
carbons, namely, 1 atm of oxygen and 110 or 150°C. The results 
for nine oils are shown in Table 7. The first seven are lubricating 
oil fractions, while the eighth is a synthetic oil made by polymer- 
ization of cracked-wax olefins. The last is a white oil. Both of the 
last two are aromatic-free. The first six are California furfural 
raffinates of various stages of extraction, as indicated by the pro- 
gressively increasing Viscosity Index. It will be observed that as 
aromatics are removed there is a marked tendency toward a lower 
asphaltene content in the oxidized oil. This is of course one of the 
main purposes of solvent extraction, and is consistent with the 
conclusion based upon work on pure hydrocarbons that aromatics 
give dark insoluble condensation products. Extraction also results 
in a higher conversion of oxygen to water, and slightly less to 
carbon dioxide and to volatile acids. No trends are apparent in 
the free or combined acids, nor in the alcohols and carbonyl. No 
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Tablb 7. Oxidation or LuBHiCATiNa Oils 
Data from LarBen et aX^^\ all values expressed ae percentage 
of total oxygen consumed 



II 

s 

1“ 

II 

O 

Free Add 

1 

Peroxide 

1 

Carbonyl 

S 

g 

Volatile Adda 

1- 

40 VI* California 

160 

2826 

6.0 

11 

0 

2.9 

1.6 

36 

21 


135 

60 VI California 

150 

3010 

4.5 

10 

0 

8.9 

8.9 

61 

26 

2.0 

100 

60 VI California 

150 

2863 

4.7 

12 

0 

2.6 

1.4 

66 

12 

1.7 

66 

70 VI California 

160 

2800 

4.1 

0.0 

0 

0.4 

1.2 

68 

9.2 

1.6 

26 

80 VI California 

160 

2803 

3.8 

10 

0 

0.6 

— 

60 

16 

1.4 

6 

86 VI California 

160 

2800 

4.1 

12 

— 

1.8 

2.6 

66 

16 

1.2 

2 

Mid-Continent 

160 

3233 

4.6 

12 

<.l 

0.7 

6 

49 

— 

1.1 

— 

Neutral 












Synthetic oil made 

160 

2532 

6.9 

16 

<1 

9 

9 

34 

7 

2.4 


from cracked 

110 

2080 

6.6 

15 

0.4 

8 

19 

26 

4.0 

3.8 


wax olefins 












White Oil 

110 

1 

1671 

13 

19 

6.0 

13 

44 

11 

1 

— 

1.3 



* VI ref«n to VlsooBity Index aa deflxied by Dean and Davla. 


X>eroxides were found in the oxidation products of the California 
oils, indicating that any peroxides formed were unstable under 
these conditions, and immediately reacted further. The two aro- 
matic-free oils formed no asphaltenes, and formed less carbon 
dioxide and water and more intermediate oxidation products. 
This was particularly true at the lower temperature. Comparison 
of results on the synthetic oil at the two temperatures shows that 
the higher temperature favors the decomposition of peroxides and 
carbonyl, and the formation of carbon dioxide and water. 

A comparison of the data on the lubricating oils as a whole with 
Table 6 reveals that the former correspond most closely to the 
alkylnaphthalenes in their oxidation products. This would in- 
dicate that this class of compounds may be the “front line” which 
bears the brunt of the attack of a lubricating oil by oxygen. This 
phase of the subject will be discussed in greater detail in a later 
section. 

Domte and co-workers” - ” studied the oxygen absorption of 

a number of oils, and found with a white oil at 136°C that per- 
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oxides were the principal oxidation products. Carbonyl was next 
in order, with water and acids next. Only a trace of carbon dioxide 
was found. With lubricating oils Domte used a temperature of 
176®C and found that about 40 per cent of the oxygen was con- 
verted to water and 8 to 10 per cent to carbon dioxide. 

Fenske et al.,**- *• who xised a similar apparatus and technique, 
foimd that Pennsylvania lubricating oils are oxidized at ITO^C to 
give the following distribution of oxygen in the oxidation products : 
water, 44 to 70 per cent; carbon dioxide, 3 to 9 per cent; carbon 
monoxide, 0.6 to 3.2 per cent; volatile acids, 1 to 7.5 per cent; 
fixed acids, 2 to 2.5 per cent; and 2 to 7 per cent isopentane in- 
solubles, assuming that the latter contain 15 per cent oxygen. 
They foimd that the distribution of oxygen is influenced little by 
temperature over the range of 150 to 180“C, provided the amoimt 
of oxygen consumed is held constant, but that it varies as oxida- 
tion proceeds. 

Hicks-Bruun, Bitz, Ledley, and Brutm'" made similar studies. 
They worked at a temperature of 175°C and found that 34.5 to 
43.5 per cent of the oxygen could be accounted for as water, and 
3.1 to 7.5 per cent as carbon dioxide. They compared an oil con- 
taining 19 per cent aromatic rings by Waterman analysis with 
one containing 3 per cent, and found that the former produced 
three to four times as much “soluble sludge” and “insoluble 
sludge” as the latter. This was of course to be expected, in view 
of the effect of aromatics as discussed earlier. They also found 
that the less aromatic oil formed more water and less carbon di- 
oxide than the more aromatic sample. This again is consistent 
with the trend shown in Table 7. 

Davis, Lincoln, Byrkit, and Jones“ studied the oxidation of 
lubricating oils by measuring the pressure drop in a Sligh flask 
containing the sample of oil and oxygen, and fitted with a ma- 
nometer. They showed that the oxidation products rema ining in 
solution, after precipitation of the asphaltenes by the addition of 
naphtha, can be removed by adsorption, from naphtha solution, 
on a suitable clay. These oxidation products, which can be de- 
sorbed from the clay by means of a polar solvent such as acetone 
or alcohol, are termed resins. The de-resined oil, after removal of 
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the naphtha, has virtually the physical properties of the original 
unoxidized oil. This means of separation suggests the use of the 
resin content of a used oil as a good criterion of extent of oxida- 
tion, siace it includes a large number of classes of oxidation prod- 
ucts. Such an application is, however, complicated by the fact 
that there is no sharp line of demarcation between oil and resins 
or between resins and asphaltenes, but a more or less uniform 
series ranging from the least polar unoxidized hydrocarbon to the 
most insoluble asphaltene. 

The oxidation of parafSn wax and of paraffinic oil fractions has 
received extensive study, largely by Grennan and Russian investi- 
gators, for the purpose of producing fatty acids from petroleum. 
While the goal in such work is diametrically opposed to that of 
lubricating oil problems in that the purpose is to promote rather 
than stifle oxidation, the conditions used are comparable to those 
met by lubricating oils, and the products formed are of interest 
to those studying lubricating oils. The German work has been 
reviewed by Gruse and Stevens.** Yields of water-insoluble fatty 
acids up to 60 to 70 per cent are claimed. Oxidation, accomplished 
by blowing with air, may be done either in acid or alkalLne me- 
dium, and various catalysts, including compounds of manganese, 
lead, mercury, chromium, vanadium, copper, and nickel, may be 
used. In addition to fatty acids of varying molecular weight, hy- 
droxy acids, lactones, anhydrides, alcohols, aldehydes, ketones, 
and esters may be formed. 

Similar conclusions were reached by the Russians. Likhushin, 
Masumyan, and Levkupulo** state that the oxidation of a wide 
fraction of fuel oil with air at 130®C will give yields as high as 41 
per cent of acids. Higher yields are accompanied by excessive 
quantities of hydroxy acids. Sodium naphthenate was used as a 
catalyst. Danilovich and Dianina‘* prefer oxidation in four to five 
stages, with calcium naphthenate as catalyst, and report water- 
white fatty acids as products. Variamov*^ studied the oxidation 
of Grozny paraffin at temperatures of 160 to 180“C with air at 
15 to 30 atm pressure. From 20 to 74 per cent of the paraffin re- 
acted, and 70 per cent or more of the oxidation products consisted 
of fatty acids of varying solubility. He found low molecular weight 
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Figure 8. Oxygen Absorption Apparatus. 

alcohols, aldehydes, and ketones in the volatile oxidation products. 
He also conducted some experiments in the absence of water, to 
determine whether this woidd influence the formation of hydroxy 
adds. He found, contrary to his expectations, that a high yield of 
adds could be obtained in the absence of moisture, and that a 
high percentage of the products consisted of hydroxy acids. He 
found m a n g an ese, copper, caldum, and nickel to be positive cat- 
alysts. Velikovskii and Lemer” oxidized paraffin and slack wax 
with air at a temperature of 160°C both in iron and in aluminum 
equipment. They found that the former metal favored the forma- 
tion of insoluble hydroxy adds, particularly in the case of slack 
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wax. With stepwise oxidation they were able to obtain maxinium 
3 H[eld 8 of acids, and a minimiun of hydroxy acids. Velikovskii aad 
Vasil’eva** investigated the oxidation of various crude petroleum 
fractions, and found that in general reaction cannot be effected 
without a catalyst, but that oxidation could be accomplished with 
the aid of catalysts or by pretreatment of the oil with oleum. 
Calcium oleate was found to be an effective catalyst, and man- 
ganese oleate even more so. Petrov** describes a commercial proc- 
ess in which a petroleum distillate is sulfonated and the unsul- 
fonated residue oxidized at 96 to 115°C in the presence of a calcium 
or manganese soap until a 20 per cent yield of fatty acid is reached. 

Plisov, Golendeev, and Zel’tsburg** point out that the petroleum 
ether-insoluble hydroxy acids which are generally regarded as un- 
desirable by-products in the manufacture of fatty acids, are val- 
uable as fihn-forming substances in the lacquer and pigment 
industries, and as raw materials in the plastics industry. By oxi- 
dizing with air at 116 to 120®C they were able to obtain yields of 
80 to 86 per cent of hydroxy acids, based upon total acids pro- 
duced. They regard the product as a mixture of hydroxy acids, 
lactones, and lactides. 

Shoruigin and Kreshkov** oxidized paraffin wax with air at 
160°C and found the following products: water, hydroxy acids, 
lactides, and carboxylic acids and their anhydrides. The following 
straight- and branched-chain compounds, presumably hydroxy 
acids, were found: C 10 H 20 OJ , CuHmOs , CuHjgOa , CisHjoOi , 
CwHaaOj (two isomers), CuHjaOa , CjiHasOa (two isomers), 
CsaPfaaOa , CjsHaoOa , OjtBmOj , and OgaHgaOs . The presence of 
beta-hydroxy acids was indicated. 

Plisov** reports that Grozny paraffin, having a melting point of 
52°C, is oxiffized at 140 to 160°C to form peroxides which are 
capable of liberating iodine from potassium iodide and of oxidizing 
ferrous salts, and which are stable to heat. In addition, they re- 
port peroxides which are also stable, but which differ in that they 
do not respond to the usual test for peroxides. Both types of per- 
oxide are decomposed by acid or alkali, and they undergo hy- 
drolysis by water. The last named reaction is catalyzed by cal- 
cium and sodium naphthenates. 
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The produclaoD. of carboxylic axdda from paraJSQix wax can be ex- 
plained as outlined earlier. The paraifiBn is oxidized to the jS-hy- 
droperoxide, which decomposes to a methyl ketone, which in turn 
is oxidized further to formaldehyde plus a carboxylic acid contain- 
ing one carbon less than the original parafiSn. The formation of 
hydroxy acids may be associated with branched-chain paraffins. 
iUthough Shoruigin and Ereshkov found both straight- and 
branched-chain compounds of the empirical formula 
the majority of work reported indicates that paraffin wax shows 
less tendency to undergo oxidation to the hydroxy acid than do oil 
fractions or slack wax. The oxidation of a branched paraffin to an 
hydroxy add could proceed according to the following mecha- 
nism: 


R H R OOH 

R— i— (CH,).— O— CH, 4-0,-^ R— i— (CH,)n— i— OH, 

A i A A 

Branched •paraffn Hydroperoxide 

R OOH R 0 

R— A— (OH,),— A— OH, R— A— (CH,)„— A— CH, -h H,0 

A A 

Hydroperoxide 
R O 

R— A— (CH,),— A— ' 

A 

Ketone 


A 


Ketone 


CH, + O, 


R O H 

R— A— (CH,)„— A— OH -t- H— A=0 

A 


Carboxylic add 
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R O 

R— A— (CH,)»--(I1— ' 

A 

Carboxylic acid 
R O 

i 

R— C— (CH0»— C 


■OH + Oi 


A 


R 


a 


R 0 

i ^ 

R— C— (OH,),— 0 

Aoh ^OH 

Hydroperoxide 
O 


R— 0— (CH,)„— C 


OH OH 

Hydroperoxide 


A 

A 


1 

\ 


+ O 


OH 


Hydroxy add 


Oxidation Rates 

Pure Hydrocarbons. Larsen, Thorpe, and Armfield" have made 
an extensive study of the oxidation rates of a ntimber of pure hy- 
drocarbons. They measured oxygen absorption at 110®C, except 
in the case of the more stable compounds, ’which were oxidized at 
150“C. Their results on thirty-nine hydrocarbons, representing 
paraffins, olefins, naphthenes, benzene and naphthalene aromatics, 
and combinations of these types in the same molecule, are sum- 
marized in Table 8. For the sate of bre’vity the compounds are 
classified in this tabulation only according to the time required to 
absorb 2000 cc of oxygen per gram-mole and according to the type 
of curve obtained, as defined in Figure 9. (It should be understood 
that the “type of curve” applies only under the given set of con- 
ditions. von Fuchs and Diamond** have sho’vm that a given oil 
may exhibit autocatalysis or autoretardation, depending upon the 
temperature of oxidation.) Two thousand cc of oxygen per gram- 
mole corresponds to the oxidation of approximately 9 per cent of 
the molecules •with one molecule of oxygen per molecule of hydro- 
carbon, or 4.5 per cent •with two molecules of oxygen. It will be 
recalled that one molecule is required to convert a paraffin to a 
peroxide or ketone, and an additional molecule to convert the ke- 
tone to a carboxylic acid plus a low molecular weight aldehyde. 
For a lubricating oil •with a molecular weight of 400, the figure of 
2000 cc per gram-mole corresponds to 500 cc per 100 g. The four 



Tabud 8. Oxidation Ratbb of Pubii Hydbooabbons 
Data from Larsen, Thorpe, and Arxnfield’^ 


Hydrocaibon 

Oodd. 

Time to Absorb 
2000 cc of Oi per 
Gram-Mole, br 

Tjpe of Curve 
C5ee^6) 

1. Tetralin 

110 

1.5 

2 

2. Tetraiaobutylene 

110 

2 

8 

3. Octahydroanthraoene 

110 

2 

4 

4. 9,10-Dihydro-9,10'dii8obutyl- 

110 

2.5 

2 

anthracene 




6. n-Octadecylbenzene 

110 

2.5 

3 

6. j8-n-Ootadecyltetralin 

110 

3.6 

4 

7. Folyisobutylene, (G^Ht)!! 

110 

4 

8 

8. «-Phenyl-A*-tetralylbutane 

110 

7 

4 

9. 9, lO-DilBobutylperhydroan- 

110 

7 

1 

thracene 




10. 6~lBobutylaoenaphthene 

110 

8 

2 

11. n-Hexadecylbenzene 

110 

12 

4 

12. Ferhydroanthraoene 

110 

12 

1 

18. Hydropolyiaobutylene, 

110 

17 

4 

(GA)iiH, 




14. Hexaethylbenzene 

110 

23 

1 

15. jS^n-Octadeoyldecalin 

110 

24 

1 

16. Fluorene 

no 


2 

17. Deoalin 

no 

27 

1 

18. Dicyolohexyl 

no 

28 

1 

19. n-Amyloyclopentane 

no 

28 

1 

20. n-Amylbenzene 

no 

28 

3 

21. l-a-Naphthyl-l-n-butylhexa- 

150 

2 

3 

deoene 




22. n-Octadeoylcyolohexane 

no 

37 

1 

28. n-Hexadecyloyclohexane 

no 

45 

1 

24. Cetane 

no 

45 

1 

26. n-Decane 

no 

47 

1 

26. ssc-Amylbenzene 

no 

68 

1 

27. ^^-Amylbenzene 

no 

86 

1 

28. Benzylnaphthalene 

no 


3 

29. Diplmylmethaae 

no 


2 

30. Di-a-naphthylmethane 

160 

12 

1 

31. a-n-Ootadeoylnaphthalene 

150 

33 

1 

82. Foly-ssc-amylnaphthalene 

150 

42 

1 

33. CK-Isoamylnaphthalene 

150 

55 

2 

84. a-Methylnaphthalene 

150 

62 

2 

35. Di-sec-amylnaphthidene 

150 

72 

3 

36. ^'^aC'Amylnaphthalene 

150 


1 

37. i9-MethyInaphthalene 

150 


3 

38. <6r<-ButylnaphthaJene 

160 


3 

39. Naphthalene 

150 

>150 

3 


68 
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types of curve are the autocatalytic, the autoretardant, the linear, 
and the combination t}^ in which autocatalysis prevails first, 
then autoretardation. Table 8 lists the hydrocarbons in order of 
increasing stability. In comparing two compounds oxidized at dif- 
ferent temperatures, a factor of 16 was used to convert the rate 
of oxidation at 110°C to that at 160“C. This factor is based upon a 
doubling of reaction rate per 10°C and is not strictly correct, but 
sufficiently close for the purpose of comparison. 

It will be observed that the ten paraffins, naphthenes, and alkyl- 






Figure 9. Types of Curves Referred to in Table 8. 
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naphthenes all had “2000 cc times” between 12 and 47 hours at 
110“C, and all showed the autocatalytic type of curve, at least in 
the early stages (type 1 or 4). The most rapid oxidation was shown 
by hydrocarbons containing either a double bond, a partially hy- 
drogenated condensed ring, or a benzene ring with a long paraflBnic 
side chain. Surprisingly, these compounds, eleven in number, 
which had “2000 cc times” ranging from 1.6 to 12 hours at llO^C 
do not in general give an autocatalytic type of oxidation curve. 
Only one gave a type 1 curve, and four a type 4. The other six were 
equally divided between types 2 and 3. Thus autocatalysis is not 
a requisite for rapid oxidation. The naphthalene derivatives were 
as a nififip the most stable, and most of their oxidation curves were 
of either the autoretardant or the linear type. 

The effect of olefinic unsaturation is brought out by a compari- 
son of items 7 and 13. The latter, hydropolyisobutylene, was ob- 
tained by hydrogenation of the former, polyisobutylene, which 
contained one C=C bond per Cm molecule. The paraffin had a 
“2000 cc time” of 17 hours, which is more than four times that of 
the olefin. 

Hydrogenation of an alkylbenzene to the corresponding cyclo- 
hexane derivative resulted in an increase in stability, as shown by 
comparing item 6 with 22, and 11 with 23. The effect was to in- 
crease the “2000 cc time” by factors of 15 and 4, respectively, 
which are of the same order as that found in the case of the olefin. 
Both of these aUcylbenzenes had long side chains (Ci» and Cm), 
and the effect of hydrogenating benzene itself or a low molecular 
weight homolog would probably be quite different. 

Hydrogenation of a naphthalene ring, on the other hand, results 
in a marked loss of stability, particularly if the naphthalene ring is 
only partially hydrogenated. The most stable hydrocarbon listed 
in Table 8 is naphthalene, with a “2000 cc time” of > 1.50 hours at 
150®C or >2400 hours at 110“C, assuming the above-mentioned 
factor of 16 for the difference in temperature of 40°C. Tetrahydro- 
naphthalene, or tetraUn, is on the other hand the least stable com- 
pound shown in Table 8. It has a “2000 cc time” at 110°C of only 
1.5 hours. Thus the partial hydrogenation of naphthalene reduced 
its stability by a factor of more than 1600. Complete hydrogena- 
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tion to decahydronaplithalene, or decaJin, brings the “2000 cc 
time” back to 27 hotirs, which is 18 times that of tetralin, but still 
short of that of naphthalene by a factor of > 89. That chfun length 
does affect the influence of hydrogenation of the naphthalene ring 
is shown by comparing the above results with a comparison of 
items 31, 15, and 6, which represent the octadecyl derivatives of 
naphthalene, decalm, and tetralin, respectively, although unfor- 
tunately, for purposes of the present comparison, the first is the 
alpha derivative, and the other two the beta. Octadecylnaphtha- 
lene had a “2000 cc time” at 160°C of 33 hours, which would cor- 
respond to 530 hours at 110°C, and the tetralin and decalin de- 
rivatives 2.5 and 24 hours, respectively, at 110°C. Thus the factors 
relating the “2000 cc time” of the naphthalene to that of the tetra- 
lin and decalin derivatives are 530/2.5 and 530/24, or 210 and 22, 
respectively. The differences between these values and the corre- 
sponding ones of >1600 and >89 for the unsubstituted homologs 
are probably due primarily to the effect of the alkyl group rather 
than the difference m position. 

Item 21, 1-a-naphthyl-l-n-butylhexadecene, is interesting in 
that it contains both a naphthalene group, which would classify it 
with the stable hydrocarbons, and olefinic unsaturation, which 
would classify it with the unstable compounds. The two effects 
seem to balance each other, with the result that this compound has 
an intermediate stability comparable to that of the paraffins and 
naphthenes. 

Comparison of items 20, 26, and 27 is of interest in that these 
three compounds are primary, secondary, and tertiary amyl de- 
rivatives of benzene, respectively, and hence show the influence of 
the structure of the side chain. According to the mechanism pro- 
posed earlier for the oxidation of an alkylbenzene, the first of these 
three hydrocarbons would form the hydroperoxide at the alkyl 
carbon attached to the ring. The peroxide would then dehydrate 
to phenyl butyl ketone. The second would likewise form the perox- 
ide, but, since there was only one hydrogen atom on the carbon in 
question initially, propyl alcohol, rather than water, would split 
off, and acetophenone would be the other product. Since this proc- 
ess involves the breaking of a C — C bond, whereas the first does 
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not, it is not surprising that the “2000 cc tune” for the primary 
compound is less than half that for the secondary (28 hours com- 
pared to 68). Furthermore, since the tertiary compound cannot 
form a hydroi>eroxide at the carbon attached to the ring, but must 
oxidize at other positions, it woTild be expected to be the most 
stable of the three, and this was again the case, for the “2000 co 
time” for teri-amylbenzene was 85 hours. A similar trend was 
noted by Stevens and Roduta,‘® who found ierf-butylbenzene 
much more resistant to oxidation than any of the other alkylben- 
zenes which were examined (see Table 5). The extreme stability 
of fer^butylnaphthalene as compared to the other naphthalenes 
(see item 38, Table 8) is also in line with this trend. 

Larsen, Thorpe, and Armfield*^ attribute the extreme stability 
of naphthalene aromatics in comparison with benzene homologs 
to the difference in the effectiveness of their oxidation products as 
inhibitors (naphthols in the one case versus phenols in the other. 
To support this theory, they oxidized n-amylbenzene (item 20, 
Table 8) to which had been added 9.8 per cent of preoxidized o- 
methylnaphthalene. The curve of the mixture was practically 
coincident with that for a-methylnaphthalene itself (item 34). 
This represents a 35-fold increase in “2000 cc time,” assuming 
again a factor of 2 x)er 10°C in change in temperature. 

Chemozhukov and Krein* did not determine rates of oxidation, 
since most of the compounds they studied were oxidized in a bomb 
for a fixed time. It is possible, however, to compare the behavior of 
various compo\mds mider identical conditions and thus determine 
relative stability. They found that naphthalene, anthracene, and 
biphenyl, after 3 hours at 160“C and 15 atm of oxygen, had zero 
saponification values, whereas a-methylnaphthalene, jS-niethyl- 
naphthfllene, and propylnaphthalene produced, under these same 
conditions, saponification values of 12, 16, and 49, respectively. 
From this the authors conclude that chainless polynuclear ar- 
omatics are very stable, that the introduction of side chains, 
particularly long side chains, decreases stability, and that the 
beta derivatives of naphthalene are more reactive than the 
alpha. They also found that the presence of an intermediate link 
of carbon atoms between two aromatic rings, as in diphenylmeth- 
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ane, lowers stability. AH these conclusions are in agreement with 
those of Larsen, Thorpe, and Armfield, except that regard- 
ing the relative stability of a- and /3-methylnaphthalenes. Cher- 
nozhukov and Krein found, ae did Larsen et cd., that benzene 
derivatives are less stable than naphthalene homologs, and 
that the higher alkyl compounds are less stable than those of 
lower molecular weight. For example, after oxidation at llO^C 
and 15 atm of oxygen for 3 hours, 1 ,3,5-trimethylbenzene had a 
saponification number of 11, whereas propyl-, nonyl-, decyl-, p- 
methyl-, isopropyl-, and o-methylisopropylbenzenes had saponi- 
fication numbers ranging from 31 to 48 after oxidation under the 
same conditions. 

Balsbaugh and Oncley* studied the oxygen absorption of tetra- 
lin, decalin, and cetane at 30, 76 and 100“C, respectively, and 
found these thr^ hydrocarbons to rate in the order of increasing 
stability in which they are mentioned. This is the same order 
shown for these compounds in Table 8. 

Hock and Lang*^ found that cyclopentene is oxidized at a slower 
rate than cyclohexene, and hydrindene, which can be regarded as 
tetralin minus one CH* group, at a slower rate than tetralin; from 
these results they conclude that a five-membered ring is less 
readily oxidized than a six-membered ring. However, their condi- 
tions differed from those used by others quoted above in that they 
used oxygen plus ultraviolet light. Their results cannot, therefore, 
be compared with the others without reservation. 

Mixtures and Petroleum Fractions. When two hydrocarbons of 
unequal stability are blended, an intermediate stability might be 
expected, with the component of lower stability being oxidized 
preferentially. Actually a blend may possess a stability consider- 
ably greater than that of either component, and the least stable 
component is not necessarily oxidized in preference to the more 
stable one. Thus the stability of a blend of a few hydrocarbons or 
a mixture of several is probably determined to a large extent by 
interaction phenomena among various molecules or radicals. This, 
of course, greatly complicates the problem. 

It was pointed out earlier in the chapter that the oxidation prod- 
ucts of a lubricating oil resemble those of substituted naphtha- 
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Tablb 9. Effbot of thid Addition of Diamtlnafhtbalbnb to a 
Whith Oil upon the Dibtbibution of Oxidation Pboducts 


Data from Larsen et all figures expressed as percentage 
of total oxygen consumed 



Free 

Add 

Combliied 

Add 

(Ester) 

Peroxide 

Alcohol 

Carbonyl 

HsO 

Average naplitlxene oral- 
kylnaphthene 

II 

17 

14 

8.0 

61 

H 

White Oil (mol. wt. - 387) . . 

m 


5 

13 

44 

wSm 

White Oil + 12.5% diamyl- 
uaphthaleue 

16 

22 

2.6 

6.1 

33 

21 

White Oil -|- 26% diamyl- 
naphthaleue. 

0 

23 

0.2 

6.4 

14 

24 

White Oil + 60% diamyl- 
naphthalene 

6.7 

28 

0.3 

8.0 


67 

Average naphthalene de- 
rivative 

7 

16 

1 1-4 

9.0 

10 

61 


lenes, and that this class of hydrocarbons may, therefore, be oxi- 
dized preferentially in a blend, even though by themselves such 
compounds are exceedingly stable. This point is brought out in 
greater detail in Table 9, which shows the effect of the addition of 
diamylnaphthalene to a white oil upon the distribution of oxida- 
tion products. The average data for naphthenes and alkylnaph- 
thenes, to which class a white oil would belong, and for naphtha- 
lene derivatives, including diamylnaphthalene, are repeated from 
Table 6 for comparison. 

Of the six oxidation products listed, three — namely, free acid, 
peroxide, and carbonyl — show appreciably lower values for the 
naphthalene than for the naphthene, and one, water, behaves in 
the opposite manner. Alcohols and combined acids or esters are 
produced to about the same extent in both classes of compounds. 
It is significant that as the percentage of diamylnaphthalene in 
white oil is increased from 0 to 50 per cent the percentage of oxy- 
gen appearing as free acid, peroxide, and carbonyl decreases pro- 
gressively, and the percentage appearing as water increases ac- 
cordingly. It would appear that in blends of 25 to 50 per cent of 
diamylnaphthalene in white oil, the former is oxidized preferen- 
tially, even though white oil has a “2000 cc time” at 130°C of 
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about 6 hours, compared mth 72 hours at 160“C for diamylnaph- 
thalene, or 288 hours at 130°C, which means that by itself, the 
white oil is fifty-eight times as reactive as diamylnaphthalene. 

That a blend of two components may be more stable than either 
by itself is brought out clearly in an example cited by von Fuchs 
and Diamond,®* who measured the time required for the absorp- 
tion of 1800 cc of oxygen per 100 g of oil for a motor oil contain- 
ing varying quantities of bright stock aromatics. Oxidation was ef- 
fected in the presence of iron as a catalyst. They found that the 
curve relating absorption time to concentration of added aro- 
matics passed through a distinct in the vicuiity of 5 per 

cent, dropping off to absorption times less than half of the maxi- 
mum at 0 and 10 per cent. Thus this blend has a definite “opti- 
mum aromaticity.” The concept of optimum aromaticity is of 
great practical importance ; it, along with the more conventional 
criteria of viscosity index and yield, determines the proper degree 
of solvent extraction to which a given stock should be subjected. 

That lubricating oils possess an optimum aromaticity with re- 
spect to stability was also found by Fenske et oi.,** who separated a 
Pennsylvania oil, containing 9 i)er cent of aromatic rings, into 124 
fractions by a combination of vacuum distillation and solvent ex- 
traction. They studied the rate of oxidation of seven of the frac- 
tions, ranging in aromaticity from 0 to 40 per cent aromatic rings, 
along with the original material. They tised a temperature of 
140°C in a conventional oxygen-absorption apparatus, and found 
that none of the fractions examined was as stable as the original 
oil. Two fractions of zero aromaticity were the least stable, with 
one containing 2 per cent aronaatic rings next, two of 37 and 40 
per cent next, and two of 16 and 25 per cent the most stable, ex- 
cept for the original oil. That this was not caused by damage in- 
flicted in the processing was proved by an oxidation test on a blend 
of all 124 fractions in the original proportions, which checked the 
nm on the original sample. 

Booser and Fenske* later separated a paraffinic distillate oil into 
an aromatic- and a paraffine-naphthene fraction. Both fractions 
were less stable than the original oil, the former by a factor of five 
and the latter by a factor of one hundred and five, Aropiatics were 
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oxidized preferentially in the original oil, despite the fa^t that they 
constituted the more stable fraction when tested separately. 

An optimum aromaticity for inaulating oUb is indicated in the 
work of Clark, “ who studied the dielectric stability (which is 
known to be closely related to oxidation stability) of a series of (als 
with varying olefinic and aromatic unsaturation. Olehnic unsata- 
ration was detemoined by absorption in sulfuric and boric adds, 
and aromatic plus olefinic unsaturation in sulfuric acid and phos- 
phorus pentoxide, both according to Kattwinkel. Clark found a 
sharp and progressive decrease in dielectric stability with increas- 
ing olefinic unsaturation over the range of 0 to 6 per cent; how- 
ever, variation in aromatic unsaturation from 0 to 12 per cent 
showed a maximum stability in the vicinity of 6 per cent. 

von Fuchs and Diamond<^ found that the shape of the rate 
curve can be drastically altered by the concentration of added 
aromatics and by temperature. This necessitated a revision of the 
theory proposed by Domte et “ who classified oils into 

three groups : those whose oxidation products were (1) positive cat- 
alysts, (2) negative catalysts, or (3) without any catalytic effect, 
von Fuchs and Diamond concluded that aromatics can possibly 
“act in a twofold capacity — ^i.e., both as inhibitors and retardants; 
either several compounds present may be acting differently or the 
same compoimd may be playing a dual role. At low concentrations 
conventional inhibitor action outweighs the other and an induc- 
tion period is observed; at higher concentrations this effect is ob- 
scured by the additional quantity of aromatics, and autoretarda- 
tion predominates. At intermediate concentrations the opposing 
tendencies of autocatalysis and autoretardation are balanced 
against each other more evenly so that the rate curve may possess 
an intermediate curvature or even be linear.” 

Larsen, Thorpe, and Armfield” studied the effect of adding 
naphthalene derivatives to other substances, and found a stabiliz- 
ing effect. A much greater effect was, however, obtained when the 
naphthalene compoimd was preoxidized in the absence of the other 
component. They attribute these results to the fact that in the 
former case oxidation of the naphthalene compound and oxidation 
of the second component are competitive, whereas in the latter 
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the oxidation products of the alkylnaphthalene, probably naph- 
thols, are present as antioxidants throx:^hout the oxidation of the 
blend. 

The effect of added aromatics upon the oxidation of paraffins 
and naphthenes has also been investigated by Chemozhukov^ and 
by Chemozhukov and Krein,®- ® who regard the stability of min- 
eral oils to be determined essentially by the character and quan- 
tity of the aromatics present. They found, for example, that the 
addition of 1 to 10 per cent of naphthalene, phenanthrene, or an- 
thracene to a vaseline oil resulted in a marked improvement in 
stability, according to their oxygen bomb test. They show this to 
be due to a preferential oxidation of the aromatics, with the oxida- 
tion products acting as antioxidants. They obtained similar re- 
sults, though to a lesser degree, with substituted aromatics. This 
order of effectiveness of the substituted and unsubstituted aro- 
matics in increasing the stability of a blend is the opposite of that 
found by Larsen, Thorpe, and Armfield,®’' who found naphthalene 
ineffective in altering the oxidation curve of decalin, whereas sub- 
stituted naphthalenes are effective. It must be remembered, how- 
ever, that the conditions used in the two laboratories were differ- 
ent. 

Denison” does not concur with Chemozhukov and others in 
their views on the importance of aromatics in determining the sta- 
bility of a mineral oil. He considers natural sulfur compounds, 
rather than the hydrocarbon composition, to be the important 
factor. His conclusions are based on oxygen-absorption measure- 
ments on three oils before and after desulfurization, which was 
effected by treatment with metallic sodium in the presence of hy- 
drogen at a pressure of 200 psi and at a temperatiire of 500°F. His 
results are summarized in Table 10. 

Denison reasons that since desulfurization resulted in little 
change in the hydrocarbon content of the oil, as shown by specific 
dispersion and Waterman analyses, and by the fact that no olefinic 
unsaturation was indicated by bromine number determinations, 
the decrease in stability was due solely to the removal of sulfur, 
and that “natural sulfur compounds seem to be the agents re- 
sponsible for the stability of straight mineral oils.” However, a 
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Table 10. Efphct of Ddbulfubization upon 
Stabiutt and Pbopbbtibb 
Data from Denison^ 


on 

to 

Absorb 100 
cc Oiw 
100g.1ir 


Specific 

Dispersion 

Per Cent 
Aromatic 
Rings 

(Waterman) 

California naphthenic SAE-30 

Oalifomia naphthenic SAE-30, deeul- 

0.7 

0.53 

120 

15 

furiaed 

0.2 

0.07 

121 

14 

Calif omia paraffinic 400 neutral 

California paraffinic 400 neutral^ desul- 

5.0 

0.22 

106 

1 

furiaed 

>0.1 

0.06 

— 

1 

Pennsylvania SAE-30 

2.5 

0.10 

Ill 

7 

Pennaylvania SAE>30, desulfurized 

0.1 

0.01 

no 

4 


glance at Table 10 shows that, if this is the case, the relationship 
between stability and sulfur content is not a simple function, for 
the Pennsylvania oil, which was lowest of the three in sulfur both 
before and after treatment, was in both cases intermediate in sta- 
bility, while the California naphthenic, which was highest in sul- 
fur, was the least stable of the three before treatment, and the 
most stable after. Furthermore, the process of desulfurization 
necessarily alters the hydrocarbon structure. The sulfur was pre- 
sumably removed by decomposition, with the rest of the molecule 
remaining in the oil. Since 2 to 20 per cent of the original oil con- 
sisted of sulfur compounds, it is scarcely conceivable that the 
changes in hydrocarbon structure do not affect stability. It is pos- 
sible that a small amount of olefinic unsaturation escaped detec- 
tion in the bromine number determination, since this analytical 
method is known to be less reliable for complex molecules as found 
in a lubricating oil than for the simpler olefins for which the 
method was devised. There is, moreover, a possibility that some 
reaction between sodium and aromatic rings took place, with the 
subsequent formation of tetralin-tjnpe compounds. Oilman, in his 
“Organic Chemistry,” reports that naphthalene can be reduced to 
tetralin by the action of sodium in liquid ammonia solution. It is 
conceivable that a similar reaction occurred under the conditions 
used by Denison. While the extent of such reactions could not have 
been great, since sp)ecific dispersion was not affected appreciably. 
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the presence of a small amonnt of tetralin or related compound 
would be expected to have a profound influence on stability. It 
win be recalled from the discussion of Table 9 that tetralin is more 
than 1600 times as reactive as naphthalene. Furthermore, tetralin 
forms copious quantities of peroxides* which probably act as pro- 
oxidants, whereas naphthalene forms naphthols which act as anti- 
oxidants.®* 

In view of this analysis of the problem, it would appear that the 
relative importance of aromatics and sulfur compounds in deter- 
mining the rate of oxidation of straight mineral oils cannot be 
stated definitely without further experimentation. Both are prob- 
ably involved, rather than either one alone. In addition, com- 
poimds containing other elements, notably oxygen and nitrogen, 
and which occur naturally in the lubricating oil fraction of pe- 
troleum, undoubtedly play a role in determining the stability of 
an oil. 

Effect of Catalysts and Inhibitors. All the oxidation studies dis- 
cussed thus far, with the exception of a few cases where catalysts 
were specifically mentioned, have been in the absence of added 
catalyst or antioxidant. In actual practice either of these classes 
of material can, and usually does, have a profound effect upon the 
rate of oxidation of a lubricating oil. 

Catalysts for the oxidation of lubricating oil include a wide va- 
riety of compoimds. Hanson and Egerton** report that nitrogen 
dioxide, in concentrations comparable to that present in engine 
cylinders, greatly influences the rate of oxygen absorption of an 
oil at 220°C, the effect being that of shortening the induction 
period. Oxidation products, notably peroxides, may themselves be 
catalysts, as evidenced by the concave-upward, or autocatalytic, 
type of oxygen-absorption curve exhibited by certain oils under 
certain conditions. However, these do not constitute the most seri- 
ous source of catalysis of deterioration encomitered by lubricating 
oils. Metal catalysis, principally by compounds of metals which 
can readily change valence and specifically by compoimds of cop- 
per, lead, and iron, is always to be reckoned with. These three 
metals are probably no worse in their effect than several others 
which could act as catalysts, such as manganese, chromium, or 
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vanadiTim, but they play a more important role because of their 
much greater prevalence: copper in the form of oil lines, brass 
fittings, and bearing metal; lead as bearing metal and as a con- 
stituent of the decomposition products of tetraethyllead; and iron 
as the major constituent of the engine itself. 

Davis, Lincoln, Byrldt, and Jones“ showed that the naphthe- 
nates of iron, lead, copper, cadmium, and silver all act as catalysts 
for the oxidation of lubricating oil, the effect varying with concen- 
tration. They found that in general an oil can * ‘tolerate” a certain 
amount of catalyst without any appreciable effect upon rate of 
oxidation, but that an increase in concentration beyond this 
threshold value results in a marked decrease in induction period. 
As the concentration is increased further, a point is eventually 
reached where the system is again insenffltive to further change in 
concentration. For example, a Mid-Continent, vacuum-distilled, 
solvent-refined oil had an induction period of 80 min at 175^0. 
The addition of iron naphthenate up to 0.006 per cent as FesOi 
had no effect, but further addition to 0.1 per cent resulted in a 
linear decrease in induction period, on a log-log plot, to less than 
20 min. Further addition of iron naphthenate was without notice- 
able effect. All this work was done in a static system, and meas- 
urements were limited to the initial phases of oxidation, so that 
the conclusions reached need not necessarily apply under condi- 
tions of agitation of the oil and oxidation to a greater extent. It 
would appear, however, that oils contain natural “anticatalysts” 
which are capable of nullifying the effect of a certain amount of 
added catalyst, and that at high concentrations of metal soap the 
system reaches a state of catalytic saturation. 

Sawyer*^ studied the catalytic effect of several metals and al- 
loys on eight different oils. He found aluminum and alloys of alu- 
minum, along with stainless steel, to have the least effect. Copper 
and low carbon steel had marked catalytic effects. 

Fenske et al.,** who used a conventional circulatory oxygen-ab- 
sorption apparatus, studied the effect of copper, iron, and lead, 
both in metallic and in soluble naphthenate form. They found cop- 
per naphthenate to be the most potent of the three soaps, and 
lead the least. This same order prevailed for the bulk metals in 
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the early stages of oxidation, but in the later stages, lead became 
the most potent of the three. This was attributed to the greater 
solubility of lead compounds in the oh, as compared with those of 
iron and copper. Fenske also found that catalysis by these metals 
has little effect in altering the distribution of oxidation products, 
the main effect beiog that of increasing the over-all rate of oxida- 
tion rather than that of any one spedhc reaction. 

Larsen and Axmfield’^ studied these seme three catalysts, both 
in soluble and in bulk metal form, in three different oils, and at 
varying concentrations of soluble naphthenate and ratios of sur- 
face of metal to volume of oh. Their results with an extracted Mid- 
Continent oh were essentially in agreement with those reported 
by Fenske. Five and one-tenth sq cm of copper per gram had ap- 
proximately the same catalytic effect as 14.1 sq cm of iron per 
gram, indicating the former metal to be the more active of the two 
on a basis of equal areas per gram of oil. Three sq cm per gram 
of lead was much less active than either copper or iron in the early 
stages, but became equal to them when 800 cc of oxygen per 100 
g of oil had been absorbed. From there on it was the most active 
of the three metals. They found 100 ppm of copper, 500 ppm of 
lead, and 1000 ppm of iron, ah in the form of naphthenate, to 
have about the same catalytic effect. This order differs from that 
reported by Fenske in that the positions of lead and iron naph- 
thenates are reversed. 

In their study of the effect of surface area of metal and concentra- 
tion of soluble metal, Larsen and Armfield found that curves of 
varying forms were obtained, depending upon the catalyst and 
upon the oil. They showed, for example, that three oils, a Cali- 
fornia extracted, a Mid-Continent extracted, and a Pennsylvania, 
could be rated in all six of the possible orders of stability at a 
given temperature (150°C) and with a given catalyst (copper 
naphthenate), merely by altering the concentration of dissolved 
copper. Thus, if an oxidation test is to have significance in terms 
of correlation with engine behavior, the choice of catalyst, with 
respect to both kind and amount, must be judicious. 

Larsen and Armfield*® studied catalysis in engines by withdraw- 
ing oil samples and determining their rate of oxidation in glass 
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■without aay other added catalyst. They fomd that an oil loses 
stability very rapidly, particularly if the engine is operating -with- 
out a filter. They foxind that a used oil could be considerably im- 
proved with respect to stability simply by filtration. Removal of 
fuel dilution by steam distillation had little further effect, but 
removal of soluble metals by washing with dilute hydrochloric 
acid and percolation through clay restored the oil practically to 
its original stabihty. They showed that the oil insolubles, or 
“crankcase catalyst”, consitute a potent catalyst, particularly 
when obtained from an en gin e which operated on a leaded gaso- 
line. The copper and lead contents of crankcase catalyst are too 
low to account for its activity, which the authors believe is due 
to the presence of iron halides, derived from engine metals and 
the halogen compounds present in tetraethyllead fluid. 

While heavy petroleum fractions have been in the past, and still 
are to a certain extent, used as such, the trend is toward the in- 
corporation of additives for various specific purposes. These in- 
clude, n-TnnTig others, dispersants, metal passivators and deactiva- 
tors, and conventional antioxidants. The last-named class is, of 
course, of the greatest concern here, but the others cannot be ig- 
nored in oxidation studies, for they may have a profound, though 
indirect, effect upon rate of oxidation. Dispersants, for example, 
peptize certain oxidation products and keep them colloidally dis- 
persed, thus preventing their deposition as lacquer. In this man- 
ner they keep the metal surfaces of an engine clean, but vulner- 
able to attack by acidic oxidation products of the oil or fuel. The 
dissolved metals then act as catalysts for further oxidation. Passi- 
vators, on the other hand, protect metal surfaces from attack by 
forming a protective film on their surface, and thus prevent metal 
catalysis as well. Deactivators nullify the catalytic effect of dis- 
solved metals by reacting with them and forming a noiiactive, or 
fimTtftt.iTnp.a an insoluble, combination. Thus, dispersants, passiva- 
tors, and deactivators, none of which need have any effect upon 
oxidation rate in glass and in the absence of catalysts, may have 
a large effect in engines. 

A single compound may serve in more than one capacity. ReilP* 
has shown that metal salts of phenolic acids of the following gen- 
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eral structure have multi-functioiial properties. M is a metal aud R 
au alkyl group. Compounds of this class act as pour-point depres- 



sors and Viscosity-Index improvers. They are also inhibitors, as 
sho\im by the fact that viscosity increase, naphtha insolubles, and 
neutralization number s^e maintained at a low value in engine 
tests as compared to a blank run on the oil without additive. 

Since the pioneer work of Moureu and Dufraisae,^° antioxidants 
have been investigated for stabilizing a number of products, in- 
cluding rubber, fats, chemicals, and gasoline, as well as lubricating 
oil. A complete review of this field is beyond the scope of this 
chapter and only a few references will be cited. 

The mechanism of the action of antioxidants is generally con- 
sidered to be that of chain breaking, the antioxidant reacting with 
a “hot” molecule and thus being itself oxidized. In this process the 
antioxidant molecule is destroyed, but with a dissipation of the 
energy possessed by the “hot” molecule, so that the chain is 
broken. Thus the oxidation of hundreds or thousands of molecules 
of hydrocarbon has been prevented, since this energy is passed 
on from one molecule to the next in the normal chain reaction. 

One of the earliest studies of antioxidants in mineral oil was re- 
ported by Haslam and Frolich” in 1927. They tested a number of 
compounds, most of which contained nitrogen, in 0.01 per cent 
concentration in a medicinal oil by bubbling dry oxygen through 
the oil at a temperature of 130°C, and followed the course of oxi- 
dation by measurements of neutralization number. The following 
compounds, listed in order of increasing potency, were found to be 
effective: diphenylguanidine, /3-naphthylamine, ethyl-a-naphthyl- 
amine, p-arainophenol, diphenylamine, phenyl-a-naphthylamine, 
and unsymmetrical diphenylhydrazine. 

Fenske et al.^* classify antioxidants as: (a) hydroxy compounds 
(phenols, naphthols) ; (b) nitrogen compounds (amines, etc.) ; (c) 
sulfur compounds (disulfides, thioethers, etc.) ; (d) organometallic 



84 


THB PERFORMAJfCB OF LUBRICATING OILS 


compounds; (e) halogen compounds; (f) compounds containing 
high^ members of the nitrogen and oxygen groups in the Periodic 
Chaji;, such as phosphorus, arsenic, antimony, selenium, and tel- 
lurium. 

Dornte'-^ showed that the addition of 0.01 per cent of phenyl-a- 
naphthylamine to a white oil increased its induction period from 
practically zero to about 20 hours, after which the oxidation curve 
was practically parallel to the curve for the original oil. von Fuchs 
and Diamond'^ foimd that a turbine oil base stock, which ap- 
proached white oils in degree of refining, responded to the addition 
of phenyl-a-naphthylamine in a similar fashion. On the other 
hand, less severely treated oil, e.g., solvent-extracted neutrals, dis- 
plays a far inferior susceptibility to this inhibitor. Thus the addi- 
tion of antioxidant, at least of the phenyl-a-naphthylamine type, 
to an oil is by no means a imiversal “cure-all.” The base stock to 
which it is added must be carefully refined, not for maximiun sta- 
bility, but for TnB.TiTniim inhibitor susceptibility. 

Hughes, Scovill, and Bartleson” measured the stability of vari- 
ous hydrocarbon types and their susceptibility to antioxidants. 
They concluded that paraffins, both normal and branched, are 
unstable but that they are easy to inhibit. Condensed aromatics 
are stable and also easy to inhibit. Substituted single ring aro- 
matics, on the other hand, are both unstable and difficult to in- 
hibit. 

Chemozhukov and Krein* investigated several compounds as 
antioxidants in their bomb test, and found catechol, hydroqui- 
none, resorcinol, pyrogallol, quinone, aniline, and ]8-naphthyla- 
mine to be effective. Resins obtained from petroleum fractions by 
extraction with acetone were also effective. These were probably 
similar in character to the bright stock aromatics previously men- 
tioned which were reported by von Fuchs and Diamond” as in- 
creasing the stability of a motor oil when added in low concentra- 
tion. Chemozhukov and Krein also report favorable preliminary 
results on several organic sulfur compounds, but do not list the 
compounds tested. 

Morawetz” studied thirty-four different phenolic compounds as 
antioxidants for wax. He found 2 , 6-ditertiary-butyl-4-mcthyl phe- 
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nol to be the most effective of the simple phenols investigated. 
However, the introduction of additional OH groups in more com- 
plicated molecules increases their effectiveness. The most effec- 
tive compound found was a condensation product of formaldehyde 
and p-oresol having the following structure: 



Wasson and Smith” found that the most effective trialkyl phe- 
nols contain tertiary butyl groups in both positions ortho to the 
OH group, with either a methyl, ethyl, or n-butyl in the para posi- 
tion. Phenols of this type, e.g., 2,6-ditertiary-butyl-4-methyl phe- 
nol, are known as hindered phenols, since the functional OH group 
is very effectively shielded by the relatively large tertiary butyl 
groups. 

Denison and Condit” studied a series of organic selenium com- 
pounds as antioxidants and found many of them, e.g., dicetyl 
selenide, to be much more effective than the corresponding sulfur 
compounds. They proposed a mechanism in which the selenide, 

0 

R-Se-R, reacts with organic peroxides to form a selenone, || 

R-Se-R, 

and in which the latter subsequently breaks down to form, along 
with other products, half of the original dialkyl selenide. 

Selenophosphates, e.g., tributyl selenophosphate, (C 4 Hg)*- 
P=Se, have also been studied and are reported to be superior to 
the corresponding sulfur compounds (thiophosphates) as antioxi- 
dants.*® 

Phenothiazine is another antioxidant that is very effective, and 
the introduction of alkyl groups to increase its molecular weight 
and reduce its vapor pressure does not reduce its effectiveness.^* 
Cohen et aZ." found phenothiazine to be particularly effective in 
synthetic diester lubricants, along with aUcyl selinides, phenyl «- 
naphthylamine, and a and 0 conidendrin. 

Commercial practice in the use of antioxidants depends to a 
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coDfliderable degree upon the manufacturer and upon the applica- 
tion intended for the lubricant. Since oils differ widely in theii 
susceptibility to antioxidants, it is necessary to select a combina- 
tion of base stock and additive which will result in a stable prod- 
uct. 

Turbine oils are commonly stabilized by the addition of /3- 
naphthol, phenyl naphthylamine, or phenol derivatives, e.g., 2,6- 
ditertiary-butyl-4-methyl phenol." Antioxidants used in motor 
oils included the following compoimds and types:" - “ tributyl 
phc»phite, triphenyl phosphite, tri-p-tertiary-amylphenyl phos- 
phite, alkyl phenol sulfides and their calcium derivatives, sol- 
furized fatty oils, zinc methylcyclohexyldithiophosphate, reaction 
product of phoqjhorus pentasulfide and pinene, tetramethyldia- 
minodiphenylmethane, calcium cetyl phenate, and alizarin. Many 
of these additives act as corrosion inhibitors as well as reducing 
the rate of oxidation. Furthermore, antioxidants are frequently 
used in conjunction with other additives. Turbine oils, for ex- 
ample, usually contain rust inhibitors, and motor oils, particu- 
larly “heavy duty” oils, contain dispersants. 
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chapter 4 


BEARING CORROSION* 


latroductioii 

Tin-base babbitt was used amost exclusively at one time as a 
bearing metal, and bearing corrosion was virtually unheard of, 
since this composition is very resistant to attack even by severely 
deteriorated lubricating oils. However, with the development of 
engines operating at higher speeds and loads, bearings became 
subjected to greater pressures and temperatures, and babbitt, 
which under more moderate conditions is an almost ideal bearing 
metal, began to fail due to inadequate fatigue resistance. This led 
to the development of new bearing compositions which are more 
durable mechanically, but which are generally more reactive 
chemically. 

Bearing Metals 

The following properties, in addition to such items as cost and 
availability, must be considered in the selection of a bearing metal 
for a given application ”• *• 

(1) Faiigw’- slrmgih. The development of fatigue cracks which 
ultimately surround and undermine local areas, must be avoided. 
Fatigue is the most common cause of bearing failure in actual 
practice.” 

(2) Aniifriction and nonscoring characteristics. The coefficient of 
friction between bearing and shaft should be low, and the bearing 
and shaft should not seize during temporary periods of metal-to- 
metal contact. The bearing metal should have a low rate of wear, 
but should wear in preference to the shaft, since the latter is more 
diffioult and costly to replace. 

(3) Bonding cluiractcristics. A strong bond between bearing 
metal and l.h(^ steel or bronze back is essential. 

• TIuh chiii)ti!r wiiH (iriKiiiully baMcd on a paper published in Oil and Qan J 
Feb. 16, Fob. 23 and March 2, 1946. 
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(4) Mechanical strength. This is the resistance to extrusion by 
compression. Failures from this cause are not frequent, because 
most alloys contain hardening elements which raise the mechani> 
cal strength above the fatigue limit. 

(5) Cmfornidbility. Bearings must adjust their dimp-nninT is to 
slight shaft deflections and misalignments. 

(6) EinJ>eddaMUty. The bearing must embed amnll dirt particles 
and steel chips which find their way into the space between the 
bearing and shaft. Otherwise the shaft will be scratched or scored. 

(7) Corrosion resistance. Corrosion, as mentioned earlier, has 
become a serious problem in the newer bearings containing cad- 
mium or lead which were developed because of their greater 
fatigue resistance. 

A large number of bearing metals have been developed, none of 
which possess all the above-mentioned properties in the optimum 
degree. All have their advantages and disadvantages. Since the 
relative importance of these requirements varies with the appli- 
cation, the choice of bearing metal varies hkewise, and is often a 
matter of compromise. 

Bearing metals can be classified into ten groups, largely ac- 
cording to composition. This classification is not absolute since 
there is considerable variation within most of the ten classes. 
Furthermore, some bearings are composed of two layers of bear- 
ing metal of different composition, i.e., the so-called “sandwich” 
bearing, which was used in the 1941 Buick.‘“ However, practically 
all the bearings used today will fall into one of the following 
groups: 

(1) Tin-base babbitt. A typical composition^ consists of 89 per 
cent Sn, 7.6 per cent Sb, 3.5 per cent Cu. The journal box patented 
by Isaac Babbitt* in 1839 used an alloy of the general composition 
of pewter or Britannia metal, which belongs to this class. Tin- 
base babbitt is generally regarded as the best all-around bearing 
metal for conditions of moderate loads and temperatures. It has 
been used extensively in passenger cars, and is still the most 
popular bearing material for this application, although various of 
the newer alloys are used to a limited extent.* 

(2) Lead-base babbitt. This type of bearing is somcw'hat inferior 
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to tin-base babbitt, “ but has the advantage of lower coat and 
greater availability, particularly during periods of war. hive to 
ten per cent of tin is often included, and the antimony content la 
roughly twice that of tin-base babbitt. About one per cent of 
arsenic is usually present. 

(3) AUeali-hardened lead. Lead is too soft to be used as a hearing 
metjd by itself, but it can be hardened by the addition of a small 
amount of BlVnli or alkaline earth metal, e.g., Na, Li, Ca, Ha, &r. 
A hard intennetallic compound is formed,** which is supported in 
the lead. This compound in the case of calcium in lead is Phj(-a, 
according to Brasch.' The amount of aJkaU or alkaline earth ele- 
ment present is normally of the order of one per cent. Hahnmctall, 
which contains calcium, Uthium, and sodium, has been used in 
locomotives in Germany for a number of years, and Sat co, which 
contains calcium, is used to a limited extent in thi.s country, 
mostly in large bearings. Other members of this class are “No 
Heet”, Ulco metal, Frary metal, Mathesius, and Liirgi Lager- 
metaU.** Alkali-hardened lead is soft enough that it dot's nol re- 
quire specially hardened shafts. It is like babbitt in this respecl.. 
However, it does not have the corrosion resistance of biibliill. 

(4) Cadmium alloy. Cadmium-silver, which wtis us(>d in tlm 

1935 Pontiac, consists of about 98 per cent cadmium, u small per- 
centage of copper, and the remainder silver. Cadmium-ni('k(*l and 
c.a dTniiiTin - mflgneai nTn contain 0.25 to 7 per cent Ni, am I 0.5 5 

per cent Mg, respectively.** Cadmium alloy bearings havt* (*xcel- 
lent mechanical properties, but are subject to corrosion, and are 
too hard to be used except with hardened shafts. Cadmium-silver 
requires a shaft having a minimum hardness of 250 Brinell.*'- •'* 

(5) Copper-lead. This bearing metal is unique, ac<:ording lo .\I(*1- 
huish** and Raymond,*® in that it consists of a hard coppm- mat rix, 
with the softer lead particles interspersed. Both phases are proba- 
bly continuous, since these bearings are sometimes made* Ity sinter- 
ing a mixture of the powdered metals. This stru(d.ure is dillVrent 
from that of most bearings, in which hard crystals ar(‘ disperse<l 
in a soft continuous supporting phase. The ratio of eopp(>r to lead 
varies from 25:75 to 50:50. The two metals are virtually insolubK* 
in each other. Copper-lead bearings require a shaft, liaving a 
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Tm'TiiTntnri TiRrHnftm of 300 Brinell. Like cadmium alloy bearings, 
they are subject to corrosion. They are used quite extensively in 
diesel engines. 

(6) Bronze. Copper is the principal ingredient of this alloy. Tin 
is alwa 3 rs present, and sometimes lead and phosphorus. Phosphor- 
bronze is used in heavy-duty work, as in gearbox bushings and 
spring shackles; and lead-bronze, which contains up to 20 per cent 
lead, is used mainly in railroad englnea. This type of bronze is used 
as a Bohd bearing, whereas the five classes mentioned previously 
are usually mounted on a steel or bronze back. 

(7) Silver. Silver has many properties desirable in a heavy-duty 
bearing metal. It has good mechanical and fatigue strength, and 
resists corrosion, but its anti-friction characteristics are not en- 
tirely satisfactory. This property can, however be improved by 
the incorporation of a low concentration of lead. Steel-backed 
silver bearings, plated with a thin deposit of lead, and then with a 
thin deposit of indium, are \ised in aircraft engines. They are said 
to have the advantages of silver, plus the requisite “oiliness”, or 
antifriction characteristics, which pure silver lacks.* 

(8) Aluminum alloy. Considerable work on aluminum bearings 
containing small amounts of copper, silicon, iron, or other metals, 
has been done in Germany.*" Such bearings have good mechanical 
properties at high temperatures, good antifriction characteristics, 
low wear, and good thermal conductivity and workability. How- 
ever, they have a high coefficient of thermal expansion which 
makes it difficult to bond the bearing metal to a steel shell, and 
necessitates special mechanical construction. They also possess 
poor run-in characteristics, due to their hardness and high melting 
points. An alloy containing approximately 90 per cent Al, with 
about 5 per cent Sn, 1 to 2 per cent Ni, and small amounts of 
other metals such as Cu, Mn, Si, Fe, Mg, and Sb, has been de- 
veloped in England for use in aircraft engines. Bearings made 
from this alloy are said to resist corrosion. They require sliafts in 
main bearings of at least 600 Brinell hardness, according to Hives 
and Smith.” However, Melhuish** claims that aluminum alloy 
containing a maximum of 0.4 per cent Si, and heat-treated at 
180°C, can be used with crankshafts as soft as 2S0 Brinell, which 
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ia comparable to that required Tvith copper-lead aud cadmium- 
silver. Aluminum alloys have been studied in the United States, 
as well, and good performance is claimed for various compositions 
in diesel engine and other heavy-duty service.^- “ According to 
Hunsicker and Kempf,^' an aluminum-tin-silicon-copx>er alloy, 
which contains 6.5, 2.5, and 1 per cent of tin, silicon, and copper, 
respectively, along with a small amount of nickel, is superior to 
previously developed aluminum alloys. 

Frank and Lux^^ have recently reported some excellent results 
with aluminum bearings in heavy-duty diesel service. They point 
out the high load carrying strength and fatigue strength, the 
good embeddability and conformability characteristics, and the 
resist^ce to wear, corrosion, and seizure. By successfully bonding 
the aluminum to a steel backing, they were able to achieve addi- 
tional advantages, such as reduced bearing clearance and simpler 
and less expensive design. They consider steel backed aluminum 
bearings to be especially suited for high speed, high load condi- 
tions. 

Magnesium alloys have also been investigated in Germany,” 
but they appear to offer no advantage over aluminum alloys. 

(9) Zinc alloy. This is probably the least known of the ten 
groups in this classification. MeUiuish” mentions an alloy contain- 
ing 4 per cent Al, 2.7 per cent Cu, 0.03 per cent Mg, and the re- 
mainder zinc. It is inexpensive and can be die cast under pressure. 
It is used under conditions of mild loads and temperatures. Gers- 
dorfer” sets the maximum temperature to which zinc alloys may 
be subjected at 70 to 80®C. 

(10) Sintered powdered metals. These are generally made of 
powdered bronze which is placed in a mold and subjected to pres- 
sure and then sintered. They are usually impregnated with oil 
before use. Their principal application is in bearings which do not 
carry heavy loads, and which are difficultly accessible for lubrica- 
tion. The “oilite” bearing is an example. 

Relative Corrosion Resistance of Bearing Metals 

As mentioned earlier, bearing metals differ widely in their re- 
sistance to corrosion. This is illustrated in Table 11, in which data 
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published by Tichvinsky" are reproduced. The data are from 
Underwood tests*, in which oil is circulated at 326°F and im- 
pinged upon bearing specimens. Catalysis was supplied by 
of copper baffles in the machine. Various S.A.E. 30 grade oils were 
used. Table 11 shows that the lead base babbitts are attacked to 
a greater extent than tin-base babbitt; however, all four babbitts 
were practically inert in comparison with the other four alloys. 
Copper-lead (coarse structme) and alkali-hardened lead were 
roughly equivalent in this test, with cadmium-silver more reactive 
by a factor of four, and cadmimn-nickel by a factor of six. These 
factors axe not regarded as absolute, since they vary with the oil 
used and with test conditions. Furthermore, the conditions of the 
Underwood test and engine operation differ markedly. However, 
a general trend is indicated in Table 11. Underwood tests con- 
ducted in the Shell laboratories at Emeryville and at Wood River 
have in general rated babbitt, copper-lead, and cadmiiun-silver in 
the order shown in Table 11. 

These results are in agreement with the qualitative statement 
by Heldt*® that cadmium is the least resistant to corrosion; high- 
lead bronze, copper-lead and alkali-hardened lead are moderately 
resistant; and alxrminum alloys, tin-base babbitt, lead-base bab- 
bitt of proper composition, cadmixim-indium, low-lead bronze, 
and silver are practically inert. 

Similar trends have been shown by Waters and Burnham,®® who 
used the Existent Corrosivity, or EC, test, in which a test speci- 
men is immersed in oil at 313°F for twenty minutes, during which 
time the oil is agitated by aeration at a fixed rate; and by Talley, 
Larsen, and Webb,®* who used the Thrust Bearing Corrosion, or 
TBC, test, in which a bearing surface is subjected for 20 hours to 
a wiping action by steel at a pressure of 125 pounds per square 
inch and a temperature of 225°F. The results are summarized in 
Table 12. It Avill be observed that the babbitts were attacked to 
a negligible extent, with indium-plated copper-lead next in order, 
copper-lead next, and the cadmium alloys to the greatest extent. 

The essential features of ten laboratory bearing corrosion tests, 

* The Underwood and u. number of other bearing corrosion tests are described 
briefly in Table 13. 
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Figure 10. Corrosion and Stability Apparatus. 


Table 12. Relative Coeeodibilitt of Different Bearings 


Bearing Metal 

Wt Lou in EC Teat, 
mg/sq cm^CData from 
Waters and Burnham^} 

Wt. Lou in TBC Tost, 
mg/sq cm^ (Data from 
Talley, Larsen, & Webb") 

Tin-base babbitt 

0.06 

0.20, 0.28 

Lead-base babbitt 

— 

0.12, 0.41 

Indium-plated copper lead 

1.0 ± 0.1 

— — 

Copper-lead 

1.4 ± 0.2 

28.2, 28.7 , 25.9 , 28.0 

Cadmium-nickel 

1.66 ± 0.06 

30.3, 36.6 

Cadmium-silver 

1.8 ± 0.0 

31.1, 40.0 


• An BAS 10 grade oil oontainlng undeoyllo add to a neutralixation nunibor of 2.0 waa luod in the EC 
meoBurementi, sjid a oonoalve reference oH in the TBC tede. 


together with three engine tests, are summarized in Table 13. All 
these laboratory tests consist of exposing a specimen of l)earing 
metal, prepared under specified conditions and weighed on an 
analytical balance, to the oil under test at a given set of conditions. 
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Most of these tests are made as fresh oils; however the conditions 
are such that oxidation takes place during the test. The only test 
listed in which virtually no oxidation takes place is the EC test, 
in which the specimen is exposed to a preoxidized oil for only a 
short time. The other tests are designed to provide a degree of 
oxidation comparable to that experienced in engine tests. Labora- 
tory tests of this nature serve a very useftil purpose in predicting 
the performance of crankcase oils in actual operation. They are 
relatively rapid and inexpensive in comparison to engine evalua- 
tions. However, none of them duplicate engine conditions (par- 
ticxilarly with respect to the effect of the fuel). It is customary, 
therefore, to make preliminary studies in laboratory tests and 
then obtain confirmatory data in engines. 

Raymond'® compared various bearing metals in an engine test. 
His results on four alloys are summarized in Table 14. He found 
cadmium-silver to be most corroded, with indium-plated cad- 
mium-silver, copper-lead, and alkali-hardened lead considerably 
more resistant to attack. 

Raymond'® investigated the effect of the structure of copper- 
lead upon its corrodibility. A regular coarse-structure alloy was 
compared with a special fine-structure alloy in a 100-hour test 
run in a diesel engine. The results are shown in Table 16. It will 
be observed that the fineness of structure is an important factor 
in corrosion. The average weight loss for the eleven fine-structure 
shells was 1.365, which is less than the average figure of 4.363 
for the coarse-structure shells by a factor of 3.2. The probable 
explanation is that the lead, which is corroded preferentially, is 
more readily accessible in the coarse- than in the fine-structure 
alloy. Fine-structure copper-lead is said to have superior mechani- 
cal strength as well as corrosion resistance. 

As mentioned previously, bearing metals can be made less cor- 
rodible by covering the surface with another metal or alloy, e.g., 
the indium-plated cadmium-silver bearings discussed by Ray- 
mond, and the Buick sandwich bearing, which consists of a steel 
shell, covered with a layer of a sintered mixture of nickel and cop- 
per (40 : 60) , which is in turn covered with a thin layer of babbitt. 

The corrosion of cadmium-silver can also be prevented by the 
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TaBLH 14. CoBtPAHiBON OP CONNBCOTNO-ROD BhaRINGA IN S-CtUNDBE 
PABBHNaBB Car Enqinb AT 300®F Babb Oil Tbmpbratxtrb 
Data from Rayinond*^ 


Wd^t Loa, Gnau/Whole Bearing 


Oil 

Regular 

Cd-Ag 

In Plated 

AlkaU- 


Cd-Ag 

Cu-Pb 

hardened Fb 

Oil F, Commercial Nonadditive 


0.447 

0.361 

0.415 

Oil F + Additive VI (inhibitor) 


.013 

— • 

— 

Oil J, Commercial, Detergent 

4.906 

2.323 




Table 16. Comparison op Coarsb- and Finb-Structueb 
Coppbr-Lbad Bbarings 
Data from Raymond*® 

Oil Temperature, 260®F 



Weight Lobb, GramB/Shell 

ou 

Main Bearing^ 

Connecting-Rod Bearing^ 


Coarse 

Fine 

CoaiBe 

Fine 

Oil A 4" Additive I (inhibitor, de- 

0.504 

0.030 



tergent) 

Oil A + Additive I (higher con- 




.383 


centration) 

Oil B, Nonadditive 




6.765 

2.740 

Oil B, + Additive I 

4.596 

0.163 

— 

— 

Oil B + Additive III (inhibitor) 

— 

— 

1.660 

1.037 

Oil E + Additive I 

8.077 

2.186 

3.618 


Oil E + Additive IV (inhibitor) 




2.661 

Oil C, Commercial Additive 

— 

— 

8.696 



* Lower aliell only. 
^ XTpper sHbU only. 


addition of a small amount of certain metals. Smart” found that 
cadmium alloys containing small amounts of zinc, tin, or indium 
were more resistant to corrosion than cadmium-silver or cadmium- 
nickel. Ryan*^ showed that the weight loss of cadmium-silver 
which was exposed to a used lubricating oil for 16 hours at 340“F 
was reduced from 24 to 13 mg by the addition of 0.1 per cent 
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antiinoiiy to the alloy, and to 7 mg by the addition of 0.2 per 
cent. In view of these results it would appear that the corrosion 
resistance of lead-base babbitt may be due in part to its antimony 
content, which normally amounts to several per cent. 

Since the relative corrodibility of bearing alloys is affected by 
test conditions, it is impossible to list the various alloys in order 
of their corrosion resistance without reservation. It may be stated, 
however, that under normal engine conditions coarse-structure 
copper-lead, alkah-hardened lead, and the cadmium alloys are in 
general the most easily corroded. Babbitt is quite inert to corro- 
sion. Fine-structure copper-lead, and specially treated bearings 
such as indium-plated cadmium alloy, fall in an intermediate 
classification. Whether or not a given bearing corrodes depends 
upon a number of factors which will be discussed in a later section. 

Mechanism of Corrosion 

Bearing corrosion may be of three types: (1) “acid” corrosion, 
(2) “sulfur” corrosion, and (3) corrosion by aqueous acids. 

“Acid” Corrosion. This type is by far the most prevalent, and 
involves solution by an acid of a metal which is relatively high in 
the electromotive series in much the same manner that metals 
like zinc and iron are corroded or dissolved by aqueous solutions 
of acids. The metals commonly occurring in bearing alloys which 
are affected most by this type of corrosion are cadmium and lead. 
There is a distinction, however, between corrosion by aqueous 
acids and acids present in lubricating oils in that the former can 
act as oxidizing agents toward metals above hydrogen in the 
electromotive series and dissolve these metals with the evolution 
of gaseous hydrogen. No other oxidizing agent is required. Oil 
solutions of organic acids, on the other hand, seem to attack metals 
like cadmium and lead only when another oxidizing agent is pres- 
ent. This oxidizing agent can act in a primary role in increasing 
the valence of the metal, (e.g., oxide formation) or in a secondary 
capacity in preventing polarization by free hydrogen through 
oxidation of the latter to water, or both. 

Denison* has reported some work which indicates that peroxides 
act as oxidizing agents in the corrosion of bearing metals. He ob- 
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served that a lead test-strip suspended in an oil during oxidation 
became covered -with an oxide coating in the early stages of oxida- 
tion when the peroxide content was high, but the acidity low. As 
oxidation proceeded, acids formed, and the oxide was ^ssolved. 
He also showed that an oil high in peroxides and low in acidity 
was more corrosive to cadmium-silver (in a test conducted in the 
absence of air) than one high in acidity but free of peroxides. A 
third sample which was high both in peroxide content and acidity 
was the most corrosive of the three. On the basis of these experi- 
ments, Denison suggests the following mechanism for corrosion in 
the case of highly refined oils : 

M -f- AO, -»• AO -I- MO 
MO -f 2HA -»■ MA, -I- H,0 

M = metal, AO, == peroxide, HA = organic acid, AO = ketone 
if it is assumed that AO, is a beta or higher hydroperoxide. 

A paper by Prutton et oZ.*" discusses the mechanism of the cor- 
rosion of cadmium and lead in some detail. The conclusions of 
these investigators are in agreement with those presented above. 
They found that lead and cadmium are not attacked by acids 
except in the presence of oxidizing agents such as molecular oxy- 
gen or peroxides. In the absence of acids peroxides were found to 
form an oxide film on the surface of the metal. In the presence of 
acids this film dissolves. They found that organic peroxides act 
as the oxidizing agent at high temperatures (above 100°C), and 
molecular oxygen at low temperatures. This conclusion is quite 
consistent with the well known observation that peroxides are 
seldom, if ever, found in appreciable concentration in used oils 
taken from engines. This is because under engine conditions the 
peroxides act as oxidizing agents as fast as they are formed, and 
are themselves converted to other compounds. The decrease in 
importance of molecular oxygen with increasing temperature is 
probably associated with its decreasing solubility. 

Prutton and Day” studied the corrosion of lead by lauric acid 
and p-quinone in xylene solution. They found that corrosion occurs 
readily, even in the absence of oxygen, provided both the acid 
and oxidizing agent (in this case p-quinone) are present. Neither 
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the add nor the oxidizing agent is alone capable of effecting cor- 
rosion. 

Wilson and Garner" have made further investigations iato the 
role of peroxides in the corrosion of lead by oxidized lubricating 
oils. They too found that corrosion occurs when peroxides and 
adds are both present, regardless of the presence of free oxygen. 
When engine oils of different composition were oxidized in the 
presence of lead, the corrosion curves were similar to the peroxide 
curves, but dissimilar to the acidity curves. The results indicated, 
furthermore, that the lead is oxidized by the x)eroxides. 

Davies^ studied the corrosion of cadmium by organic acids in 
oil solution and confirmed the dependence of the rate of corrosion 
upon the presence of an oxidizing agent, in this case atmospheric 
oxygen. It might be expected that when cadmium is exposed to 
an oil which contains an organic acid and the system is exposed to 
air, the acid would become depleted as corrosion proceeds. The 
rate of corrosion would then decrease. Davies showed, however, 
that the rate does not decrease with time but remains essentially 
constant. This rules out an earlier suggestion to prevent the cor- 
rosion of cadmium bearings by installing a “sacrificial” filter of 
cadmium plates in the oil line leading to the bearings. 

“Sulfur” Corrosion. Silver and copper are characterized by a 
very strong aflanity for sulfur as indicated by the solubility prod- 
uct constants of AgjS* and CuS in water of only 1.6 X 10"*’ and 
8.5 X 10“^*, respectively. The sulfides of most metals are con- 
siderably more soluble than this. In view of the strong attraction 
between sulfur and the two above-mentioned metals, it is not 
surprising that sulfur corrosion of bearing metals is most serious 
in silver bearings and in the copper matrix of copper-lead. Corro- 
sion of this type seems to be serious only under conditions of high 
temperature. The mechanism may be the formation first of a com- 
plex of bearing metal, e.g., copper, with a sulfur compound, which 
forms a passivating film on the bearing surface and is beneficial 
as long as it remains in that form. Under conditions of high tem- 
perature, however, the complex decomposes to form copper sulfide, 
which is hard and brittle, and which flakes off. This results in a 
loss of copper from the bearing, and may also lead to mechanical 
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difficulty due to abraaiou by the sulfide particles. Support for this 
theory is found in the behavior of the mercaptans occurring in raw 
transformer oil. These react readily with cuprous oxide to form 
cuprous mercaptide, which in turn decomposes to a molecule each 
of cuprous sulfide, mercaptan, and olefin. The mercaptan then 
reacts further with cuprous oxide, until ultimately all of the mer- 
captan sulfur is converted to a cuprous sulfide. The reaction rate 
is determined largely by the temperature. With a transformer oil 
containing approximately 0.1 per cent mercaptan sulfur, more 
than 10 hours was required to sweeten the oil at 400“F, but only 
0.6 hours at 500°F.” von Fuchs" showed that the copper mercap- 
tides of mercaptans occurring in gasoline decompose at tempera- 
tures above 350°F. Thus the temperatures occurring at a bearing 
surface may promote the reactions postulated above. 

Corrosion by Aqueous Acids. This type of corrosion is like Type 
2 in that copper is preferentially dissolved. It is not covered to any 
appreciable extent in the literature, but appears to be increasing 
in importance. Geniesse^^ has conunented upon it, and associates 
it with low temperatures and insufficient venting. Similar com- 
ments are made in a Bearing Manual issued by Clawson and 
BaJs,* who attribute the preferential solution of copper to the 
presence of “fuel acids.” These “fuel acids” may be organic acids 
of low molecular weight or sulfuric and sulfurous acid originating 
from sulfur in the gasoline. Since lead sulfite and sulfate are in- 
soluble, it is quite conceivable that the latter acids would, in the 
presence of oxidizing agents, dissolve copper preferentially. 

The mechanism of this type of corrosion is probably funda- 
mentally similar to that of Type 1, the only major difference be- 
ing the nature of the diluent. 

Factors Influencing Corrosion • 

Corrosion, which is one of several possible causes of bearing 
failure, is in turn influenced by a number of factors. The effect of 
composition of the bearing, both chemical, as determined by anal- 
ysis, and physical, such as grain structure and the presence of 
thin films of dissimilar metals, has already been discussed. Corro- 
sion of a given bearing alloy is determined by the following factors : 
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temperature; bearing load; venting; type of fuel; oxidation sta- 
bility of lubricant; type of deterioration products formed in lu- 
bricant; dispersancy; passivation of bearing surface; action of 
sulfur; and presence of water. 

The first four and the last are “engine”-, and the remaining 
five “oil”-factors. Certain of these factors are in a sense interre- 
lated, but there is in aU cases a clear-cut distinction. 

Temperature. The temperature at the bearing-oil interface is 
determined by the temperature of the bulk oil and of the adjacent 
metal parts and rate of oil fiow, which is in turn a function of the 
clearance between bearing and shaft. It is in general much higher 
than the bulk oil temperature. 

Excessively high bearing temperatures are often associated with 
insufficient oil flow, caused by inadequacies in the design of the 
bearings or oil systems. Pigott” cited several examples of bearing 
failure which could be traced to design factors. The mechanism is 
usually one involving accelerated oxidation of the oil at the high 
temperature and corrosion by the oxidation products. In extreme 
cases the temperature may rise to a point where the bearing is 
damaged physically. Pigott observed, in the case of copper-lead 
bearings, loss of lead by sweating. 

Raymond'*’ studied the effect of bulk oil temperature on bearing 
weight loss in a diesel engine operating with coarse-structure cop- 
per-lead bearings. His data are summarized in Table 16. It will 
be observed that corrosion was much more severe at the higher 
temperature, in spite of the shorter time. The average weight loss 
was 0.198 grams per 600 hours at the lower temperatme, and 3.533 
grams per 100 hours at the higher. If, for purposes of comparison, 
it is assumed that weight loss is a linear function of time, then 
the rate is 5 X 3.533/0.198, or 89, times as great at the higher 
temperature. Substitution in the Arrhenius equation shows that 
an 89-fold increase in rate per 30°F corresponds to a doubling in 
rate per 4.5°F (2.5°C) increase in temperature, or a 16-fold in- 
crease per lO^C increase. This temperature coefficient is far greater 
than that normally encountered in oxidation studies, indicating 
that additional temperature effects are present. These may in- 
clude a mechanical factor. The hardness of bearing alloys decreases 
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TabiiB 16. Effect of Temfbbatube on Beabing Weight Loss in 
Diesel Engine Using Ctj-Pb Beabinob 
Data from Raymond*® 

All Weight Losses in Grams per Bearing Shell 


Length of Ron 

BnlE Oil Temp 

Connecting Rod‘ 

Maln^ 

500 Houig, 
230T 

100 Houn, 
260^ 

500 Hoore, 
230"F 

lOOHoun, 

250»F 

OU 





Oil A, CommeroieJ, Nonadditive 

0.091 

0.270 

0.066 

1.031 

Oil A + Additive I, (Inhibitor, 

.505 

.837 

.203 

0.504 

Detergent) 





Oil B, Nonadditive 

.355 

5.755 

.244 

4.861 

Oil B H- Additive III, (Inhibi- 

.216 

1.650 

.102 

3.610 

tor) 





Oil C, Commercial Additive 

.050 

1.596 

.055 

8.120 


* Weight looaee for upper ahell only. 
^ Weight loMee for lower shall only. 


with temperature/* and any weight loss through abrasion would 
be expected to be more serious at the higher temperature. The 
bearing temperatures may have been high enough to allow some 
loss of lead by sweating.” Furthermore, in the case of the oils 
containing additives, there is a possibility that decomposition of 
the additives occurred at the higher temperature. 

Davies^ found, in plotting the rate of corrosion of cadmium 
against temperature, that the curves invariably pass through 
sharp maxima at a temperature of about IdO^C (320°F). Davies 
suggests that the low rate of corrosion at the high temperature 
may be caused by the instability of peroxides under these condi- 
tions. 

Bearing Load. This factor is in general not critical. Variation in 
thrust from 15 to 125 pounds per square inch has comparatively 
little effect upon corrosion in the T.B.C. apparatus.” The small 
effect noticed was attributed to effect upon rate of shear, or re- 
moval of the products of corrosion. 

Venting. Degree of venting can affect corrosion in two ways, and 
the two operate in opposite directions. With increased air flow, 
oxidation rate is increased, thus increasing the rate of formation of 
corrosive acids; however, the more volatile acids are removed by 
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venting, so that the net effect may be one of increased or decreased 
corrosion, depending upon the relative importance of the two fac- 
tors. The effect of crankcase ventilation upon bearing weight loss 
in a CFR engine equipped with copper-lead bearings has been 
studied by Griffith, Webb, and Hendricks^ who found, with four 
different oils, that corrosion increases with increasing ventilation 
over the entire range studied (6 to 25 cu ft per hr). At 20 cu ft per 
hr the weight loss was two to three times the value for the same 
oil at a ventilation rate of 10 cu ft per hr. This indicated that the 
effect of increased rate of oxidation predominated. Davis,‘ on the 
other hand, found a marked decrease in the weight loss of cad- 
mium-silver bearings with increased venting, both in the Under- 
wood test and in a Pontiac engine. The difference in trend in the 
two cases was qmte striking. Several factors may be responsible 
for this difference. The engines used were different, although this 
does not appear to be an important factor here, since Davis found 
the same trend in the Underwood test and in the Pontiac engine. 
The most important point of difference, however, appears to be 
the type of bearings used; cadmium-silver in the one case, and 
copper-lead in the other. This would indicate the desirability, as 
far as bearing-corrosion is concerned, of maintaining crankcase 
ventilation at a maximum or TniniTmiTn depending upon whether 
cadmium-silver or copper-lead bearings are being used. 

These resiilts can be explained by the theory that cadmium- 
silver is more readily corroded than copper-lead by the more 
volatile acids, while the reverse is true in the case of the heavier, 
nonvolatile oxidation products. Support for this theory is found 
in work done by Hillman, Larsen, and Annfield” in which they 
measured the corrosion of both types of bearings by oxidized oils 
produced in their oxygen-absorption studies and by the volatile 
oxidation products collected in a cold-trap in the oxygen system. 
Their results are summarized in Table 17. It will be observed that, 
under the conditions used, the volatile acids were more corrosive 
to cadmium-silver than to copper-lead by an average factor of 
almost three, whereas the residual oil was more corrosive to cop- 
per-lead than to cadmium-silver by an average factor of about 
fifteen. 
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Tabub 17. CoBBosioN ov Coffxb-Lbas and Gadmium-Silviib bt 
VA motTB Oils Avtbb Oxidation at 160°G 


Data from EQlImaii, Larsen, and Armfield*' 


on 

6-hr Teat at fiO^C on Vol&tlle 
Oxidation Products 

24-hr Test at 150”C on Resldafll 
OsddixedOU 

Ca-Pb 

Cd-Ag 

Cu-Pb 

CdrAg 

A 

0.64 


0.76 

0.03 

B 

.20 


— 

— 

0 

.02 

1.60 

.07 

.12 

D 

.18 

0.61 

.66 


£ 

.46 

1.30 

.93 

.0 

P 

.08 

0.6'; 

.20 

— 

Average 

.30 

.04 

.69 

.06 


Adequate ventiiig, in addition to nunimizing “acid” corrosion 
by volatile acids in oil solution, eliminates corrosion by aqueous 
adds, since it prevents the condensation of water in the crank- 
case. 

Type of Fuel. Variation in fuels in internal combustion engines 
can have a pronounced influence upon bearing corrosion. The fol- 
lowing factors may be involved in gasolines of varying composi- 
tion; (1) adds produced by oxidation of the fuel may be corro- 
sive; (2) the lacquer-depositing tendency of unstable fuels affects 
bearing corrosion, probably both directly, through the deposition 
of lacquer on the bearing surface, and indirectly, through passiva- 
tion of the metal surfaces in the engine as a whole, thus reducing 
metal catal 3 mis; (3) the decomposition products of tetraethyllead 
fluid in the fuel, lead to the formation of iron halides, which con- 
stitute the active portion of “crankcase catalyst” thus deteriora- 
tion of the lubricant is more rapid when a leaded fuel is used; (4) 
lead soaps formed from tetraethyllead may act as dispersants, 
thus nmking the metal surfaces more vulnerable to attack and 
resulting in increased catalysis by engine metals. 

Oxidation Stability of Lubricant.* Fresh oils are in general only 
slightly, if at all, corrosive. They become corrosive primarily 


* See Chapter 3, 
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Tabus 18. Efvagt of Lacqubb Film on Bbabino Cobbobion 

36 Hours in Chevrolet Engine Crankcase Temp. 276*^, Jacket Temp. 230®F 

Data From Downing, Holbrook, and Fuller^® 

'T.ai- xTn Wdflht Lou of Copper-Lead 

1 eat No. Bearing, xng/iq inAOOO mBea 

1. Undoped oil, lacquered bearings, clean engine 3.08 

2. Undoped oil, clean bearings, lacquered engine 34.38 

through oxidation, although decomposition products of additives 
and deterioration products of the fuel may act as corrosive agents. 
The stability of an oil is determined by a number of factors, par- 
ticularly temperature, the availability of oxygen, and the presence 
of impurities or additives which may act as antioxidants, anti- 
catalysts, or catalysts. 

Type of Deterioration Products Formed in Lubricant. While 
oxidation stability is an important factor in bearing corrosion, it 
does not necessarily follow that oils of equal stability are equally 
corrosive, for the oxidation products may differ greatly in their 
effect on bearing metals. Products such as ketones, aldehydes, and 
esters probably have no effect, whereas acids and peroxides do. 
Even the acids themselves vary widely in their corrosive proper- 
ties. 

Dispersancy.* Excessive sludgiog and lacquering in an engine is 
highly objectionable, and has been overcome by the incorporation 
of peptizing agents or dispersants. The use of dispersants aggra- 
vates corrosion problems in that the surface of the bearings is left 
bare and vulnerable to attack by acids. The importance of lacquer 
films in protecting against corrosion is indicated in Table 18, which 
summarizes a portion of some work done by Downing et on 
catalysis by engine metals. Tests 1 and 2 were identical except 
that in 1 the bearings were prelacquered in a four-hour lun-in 
while the remainder of the engine was initially clean, whereas in 
Test 2 the bearings were clean and the other engine parts pre- 
lacquered. The large difference in weight loss shows the effective- 
ness of lacquer in protecting a bearing surface against corrosion. 
If the other engine parts had been comparable in the two tests, 
the difference should have been even greater. 

* See Chapter 6. 
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Passivation of Bearing Surface. Control of bearing corrosion in 
the presence of dispersants is difficult to achieve by the use of anti- 
oxidants alone, since the bearing surface is attacked in the pres- 
ence of very low concentrations of acids in some cases. It is gen- 
ally preferable to add a compound which is capable of laying down 
a protective filTn on the bearing surface. In the case of copper-lead 
bearings, sulfur compounds seem to act in this manner. The mech- 
anism is probably that of the formation of a complex containing 
both copper and sulfur. These films are readily discernible by their 
dark color. 

This does not mean that sulfur compounds act solely through 
this Tnp.fthfl.niam. Many undoubtedly act as antioxidants and deac- 
tivators for soluble catalysts as well, but passivation is in general 
their principal function. 

Action of Sulfur. As indicated earlier, copper can be attacked 
preferentially in a copper-lead bearing by the action of sulfur at 
hig h temperatures. This highly xmdesirable condition, in which 
hard brittle particles of black material (probably copper sulfide) 
are broken off, probably differs from the formation of the desirable 
passivating filma only in degree. As long as the film remains thin 
and adheres to the bearing smdace it protects against acid corro- 
sion, but when it becomes thick and begins to flake off, metal is 
lost through a “sulfur” tyjie of corrosion. The sulfide particles 
may, furthermore, provide an abrasive action. 

Presence of Water. Water probably affects corrosion in several 
ways. Under anhydrous conditions acids tend to dehydrate to an- 
hydrides, while in the presence of water they revert to the acid 
form, which is probably much more corrosive. The presence of a 
separate water phase is, of course, necessary for the third type of 
corrosion mentioned earlier, namely, corrosion by aqueous acids. 
In addition, the presence of water has a pronounced effect upon 
rate of oxidatien of an oil because of its effect on the rate of solu- 
tion of catalytically active metals.'® 

Lead-base babbitt is readily corroded in oxidation tests con- 
ducted in the presence of water. This was clearly demonstrated in 
a cooperative ASTM program in which Turbine Oil Stability 
Tests, in which the oil is oxidized in the pre.sence of water, cop- 
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per, and iron at 95“C, were run on two oik in the presence of tin- 
base and lead-base babbitt. * The former bearing metal showed no 
appreciable weight loss, even when the oil was allowed to deteri- 
orate somewhat beyond the end of its induction period, whereas 
the latter lost as much as several himdred Tni11igra.TnH per test 
specimen under identical conditions. The case of corrosion of lead- 
base babbitt is in marked contrast to its resistance to the con- 
ventional acid type of corrosion as shown in Table 11 ; this dif- 
ference is attributed to the presence of water. The corrosion of 
cadmium alloys is also said to be greatly influenced by the pres- 
ence of moisture. 

Control of Corrosion 

Miller" has listed the following four principal means of control- 
ling bearing corrosion: (1) use of new bearing types, such as sand- 
wich tjTpe, and indium-treated bearings; (2) operation of engines 
at lower temperatures; (3) selection and refining of crude used in 
the manufacture of the oil; (4) use of suitable inhibitors. 

The use of proper venting might be added to this list. Of these 
five, only the third and fourth are “oil factors.” 

In the selection and treatment of crude, the proper choice will 
depend upon whether or not additives are to be used. If a mineral 
oil is to be used straight it should be selected and refined for maxi- 
mum stability imder conditions comparable to those to which it 
will be subjected in actual use, whereas an oil to be used as base 
stock for a compounded product should be chosen and refined for 
maximum susceptibility to the additives used. While considerable 
control over bearing corrosion can be exercised by the proper 
choice of stocks and treating method, the extent to which such 
control is possible is limited. Engines which require the hard al- 
loys as bearing metal are often operated under conditions which 
are severe for the oil as well as for the bearings. The trend is, 
therefore, toward the incorporation of additives rather than re- 
lying solely upon the base stock. A large amount of work has been 

* The babbitt used in this work contained about 1 per cent tin. There have been 
indications that lead-base babbitt containing 5 per cent tin is much more resistant 
to this type of corrosion. 
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done on the development and testing of inhibitors for lubricating 
oils. Miller, "Winning, and Kune*® listed 105 patents on antioxi- 
dants and metal passivators in 1940. Since that time many more 
patents have been granted in this field, as indicated in a paper by 
Wright,®^ published in 1946, which lists 662 United States patents 
on antioxidants for lubricating oils. 

As mentioned earlier, it is very difficult to distinguish between 
antioxidants and corrosion inhibitors since oxidation and bearing 
corrosion are generally interrelated. Most of the compounds men- 
tioned in Chapter 3 as commercially used antioxidants may be 
regarded as corrosion inhibitors. Some of these act in this capacity 
directly, through the formation of protective films, and others in- 
directly, through their effect upon the over-all rate of oxidation. 
Phosphorus and sulfur derivatives are more likely to act by the 
former mechanism, and phenolic and amine compounds by the 
latter. 
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chapter 5 


SLUDGE AND LACQUER DEPOSITION* 

Introduction 

^ mentioned in Chapter 3, the oxidation of a lubricating oil 
often leads to the formation of oil-insoluble products. These prod- 
ucts are sometimes foimd as particles which settle from the oil in 
the form of sludge, and sometimes as lacquer or vamish-like coat- 
ings on the engine parts. They frequently contain extraneous ma- 
terial, particularly in the case of deposits formed in internal com- 
bustion engines. Contaminants such as dust, water, products of 
incomplete combustion of the fuel, iron oxide resulting from wear 
of the engine, and lead oxides or salts resulting from the combus- 
tion of leaded gasolines often play a major role in the formation of 
engine deposits. The relative importance of the oil and extraneous 
factors depends largely upon the operating conditions of the en- 
gine. 

Lacquer deposits may vary in intensity from thin coatings 
which are quite innocuous and which may be beneficial as protec- 
tive films to heavy deposits which are capable of sticking valves, 
rings, or tappets, and which in extreme cases stick engines so that 
they cannot be operated. Instances have been reported in which 
pistons and tappets were stuck permanently and could not be 
removed without damage to the parts.“ Lacquer deposition in the 
piston ring belt area is of particular concern in diesel engines. 
Sludges may Hkewise vary from harmless light deposits which 
settle out or which are removed by filters to large particles of 
“coffee groimd” sludge which have been known to plug oil lines 
and eventually cause bearing failure through lack of lubrication.^ 
Sludge formation is often a problem in spark-ignition engines. 

Mougey*® has classified the formation of sludge and lacquer or 
varnish as follows: 

•This chapter was originally based on a paper published in Oil and Goa J., 
Jan. 8, 16, and 22, 1948. 
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(1) Low Temperature 

(2) Intermediate Temperature 

(3) High Temperature 

This is practically identical to an earlier classification for crank- 
case deposits proposed by Gruse and Livingstone:^* 

(1) Winter Sludges — ^Emulsions 

(2) Intermediate Temperature Sludges 

(3) High Temperature Sludges — Asphaltenes 

Low temperature sludge, or “mayonnaise sludge”, is generally 
associated with intermittent operation under light load at low am- 
bient temperatures. Water invariably collects m the crankcase 
imder such conditions and forms an emulsion. There is usually a 
sufficient concentration of polar compounds or suspended solids 
present in used crankcase oils to stabilize such an emulsion, which 
may block oil lines and screens and cause bumed-out bearings 
and scored cylinders.^ Control of low temperature sludge is largely 
a matter of engine design and operating conditions. There is little 
that can be done to the fuel or lubricant to prevent sluding if the 
operation is such that water collects in the oil. If, on the other 
hand, the operating temperatures are raised by the use of suitable 
thermostats and if adequate ventilation is provided, no difficulties 
of this nature are encountered. 

Both diesel and spark-ignition engines are often run xinder con- 
ditions which faU in the moderate temperature range. The fuel, 
rather than the lubricant, is usually the major source of sludge 
and lacquer formed under these conditions. Two of the most com- 
monly used engine tests for evaluating the performance of engine 
oils xmder moderate temperature conditions are the L-1’ and the 
FL-2.*' *• * Both are run on dynamometer test stands, the former 
in a single cylinder Caterpillar diesel engine, and the latter in a 
regular Chevrolet engine. The test consists in each case of running 
the engine under a set of carefully controlled conditions and exam- 
ining the engine parts for sludge and lacquer at the conclusion of 
the test. 

In high temperature operation the fuel may still play a part in 
the formation of deposits, but the conditions are sufficiently severe 
so that deterioration of the oil is an important factor. The engine 
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TabiiX 19. OPiiBA.Tisra Oonditionb Ubud in Gbidvboliit Enoinb Tbstb 



L-4* 

FL.2t 

Test duration, hours 

36 

40 

Engine speed, rpm 

8160 

2500 

Braise load, hp 

30 

46 

Oil temperature, ®F 

266, 280t 

166 

Jacket inlet, ®P 

190 

86 

Jacket outlet, ‘’F 

200 

95 


* Tnkeii from OBO HiuMlbook’, pp. 
t TbIgsii from Albright et oZ.i 

t BAB 10 oilB are treted at 266*T; SAB 80 and 50 at 260**F. 


test that is probably the most widely used for studying high tem- 
perature engme performance is the L-4 test.^ It, like the FL-2, is 
run in a Chevrolet engine, but the conditions are quite different, 
as shown in Table 19. 

While full-scale engines are commonly used in testing lubricants, 
small single cylinder installations are often preferable, particularly 
for screening work, because of their lower cost, greater simplicity, 
and lower sample requirement. Single cylinder Lauson engines 
have been used quite extensively for this purpose, particularly in 
the case of high temperature work. Georgi” has reported coopera- 
tive test results from nineteen laboratories. The test conditions 
used in that work varied to a considerable extent. Speed varied 
from 1200 to 1800 rpm; load from 1 to 3 hp; oil temperature from 
212 to 320°F; jacket temperatiue from 170 to 400°F; and the 
duration of the test from 24 to 144 hours. On the basis of these 
cooperative tests on six oils it was concluded that oil temperature, 
jacket temperature, and the duration of the test are the most im- 
portant factors. Engine speed and load were found to be less criti- 
cal. Georgi tabulated three sets of operating conditions which 
represent general averages of the conditions used by those labora- 
tories which reported the most consistent results on the six oils. 
These are given in Table 20. 

Conditions A and B differ only in temperature. The foirner in- 
cludes a relatively high oil temperature and relatively low jacket 
temperature, whereas the latter has a lower oil temperature but a 
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Figure 11. Full-scale Automotive Engine on Test Stand. 
Table 20. Avebagb Test Conditions fob Laubon Engine 


Taken from Georgi” 



A 

B 

C 

Oil temperature, ®F 

280 

226 

225 

Coolant temperature, ®F 

180-200 

345-360 

400 

Test time, hours 

100-120 

100-120 

24 rA 8 

Engine speed, rpm 

1600-1800 

1600-1800 

1600-1800 

Load, hp 

l.a-1.6 

1.3-1. 6 

1. 3-1.6 



much higher jacket temperatiare. Procedure C differs from B only 
in that the jacket temperature has been raised an additional 50 to 
65“F and the duration of the test reduced. 

Forty-hour Lauson teste have been used for some time at the 
Research Laboratories of the Shell Oil Company at Wood River 
for studying lacquer deposition on piston skirts and connecting 
rods. Oil temperature and jacket temperature of 285°F and 212“F, 
respectively, are normally employed. At the completion of the 
test the engine is disassembled and the piston and connecting 
rod rated according to the following “point score” system: 
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No lacquer 10 

Light and transparent deposit 8 

Light deposit, straw to tan in color 6 

Medium deposit, golden brown 4 

Medium heavy deposit, red-brown to deep brown 2 

Very heavy deposit, dark brown to black 0 


An average is taken for ratings at seven different areas. These in- 
clude the following: 

Piston skirt 

(1) Thrust side 

(2) Anti-thrust side 

(3) Pin hole regions 
Underside of Piston 

(1) Crown 

(2) Piston skirt and pin bosses 
Connecting Rod 

(1) Big end bearing region 

(2) Recessed sections of rod 

There are a number of factors which influence sludging and lac- 
quering in an engine. These are discussed in the following two 
sections, the first of which takes up the formation and the second 
the deposition of oil-insolubles. 

Factors Influencing Formation of Oil-insolubles in an Engine 

Composition of Fuel. While the problem of lacquer formation in 
engines was originally thought of as involving solely lubricating 
oils, it has been known for some time that the composition of the 
fuel may be an important factor. This is true both in diesel and 
in spark ignition engines. Bouman* pointed out as early as 1933 
that lacquer formation on the pistons, cylinder liners, etc., in 
diesel and hot-bulb engines is due to the incomplete combustion 
of the fuel at low loads, and not the lubricating oil. Cloud and 
Blackwood* studied the effect of various fuels upon deposition in 
high speed diesel engines, and concluded that sulfur content is the 
most important factor. Other properties which influence deposition 
include ignition quality, viscosity, and/or volatility. 

The possibility that gasoline gum accumulating from diluent in 
the crankcase oil may be a factor in the formation of lacquer was 
pointed out by Gruse and Livingstone^ in 1939. The importance 
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of the gasoline in determining lacquering tendencies in spark ig- 
nition engines is now generally recognized. Mougey** has shown, 
as far as lacquering and sludging are concerned, that the fuel is of 
particular relative importance in engines operating at moderate 
temperatiires. At high temperatures the oil rather than the fuel is 
primarily responsible for lacquering and sludging. Rogers, Rice, 
and Jonash^* also found that sludge formed under low tempera- 
ture conditions is derived largely from the fuel. They cited phe- 
nols, sulfur compotmds, and conjugated diolefins as gasoline com- 
ponents which contribute to low temperature sludge. 

The influence of the composition of the fuel upon lacquering in 
the Lauson engine under a given set of high temperature operating 
conditions is demonstrated in Table 21. It will be observed that 
fuel B, which was a commercial cracked gasoline, gave a lacquer 


Tajblb 21. Effect of Fuel and Lubricant on Lacquer Raotno 
(40-hr LauBon Tests: Oil Temp. 286*^F, Jacket, 212^F) 


Lubricant 

GuoUne 

Average Lacquer Rating* 

1. White Oil 

A 

8.9 (9.2, 8.7) 

White Oil 

B 

6.7 (7.6, 6.2) 

2. DuO'Sol Extracted SAE-10 

A 

8.8 

Duo-Sol Extracted SAE-10 

B 

6.4 

3. Duo-Sol Extracted SAE-10 

A 

4.9 (6.3, 4.6) 

Duo-Sol Extracted SAE-10 

B 

2.5 (2.9, 2.4) 

Change in lacquer rating with change in Fuel, Lubricant 1 

2.2 

Change in lacquer rating with change in Fuel, Lubricant 2 

2.4 

Change in lacquer rating with change in Fuel, Lubricant 3 

2.4 

Change in lacquer rating with change in Lubricant, 1 to 2, 

0.1 

Fuel 1 



Change in lacquer rating with change in Lubricant, 1 to 2, 

.3 

Fuel 2 



Change in lacquer rating with change in Lubricant, 1 to 3, 

4 0 

Fuel 1 



Change in lacquer rating with change in Lubricant, 1 to 3, 

4.2 

Fuel 2 



Change in lacquer rating with change in 

Lubricant, 2 to 3, 

3.9 

Fuel 1 



Change in lacquer rating with change in Lubricant, 2 to 3, 

3.9 

Fuel 2 




Scale defiiied on pace 118. 
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rating 2.2 to 2.4 units lower than fuel A, which consisted of 
straight run components normally used in aviation gasoline, 
when both were run with the same lubricant. While this effect is 
appreciable, it is not nearly so great as that obtained in tests con- 
ducted at lower temperatures (FL-2). Bowhay and Koenig* found, 
for example, in comparing a special cut from aviation gasoline 
production with a regular motor gasoline that the former gave 
only 14 per cent the quantity of deposits on piston skirts, oil 
rings, oU pan, and cover plates as the latter. 

Composition of Lubricating Oil. The basic oxidation stability 
and inhibitor susceptibility of an oil are determined by the com- 
position of the oil. The presence of comparatively low concentra- 
tions of certain impurities is highly detrimental in this regard. The 
composition of the oil also determines to a large degree the type 
of oxidation product formed. Oils high in aromatics and sulfur 
form more insoluble oxidation products. This is particularly true 
of highly polar aromatics having a condensed ring structure, in 
contrast to the less polar aromatics remaining in an oil after sol- 
vent extraction. It has been shown** that the tendency of a Cali- 
fornia distillate to produce asphaltenes upon oxidation decreases 
markedly with increasing degrees of extraction. More direct evi- 
dence with respect to the effect of aromatics on lacquer formation 
is shovm in figure 12, where lacquer rating is plotted against per 
cent of unextracted oil in a blend with a Duo-Sol extracted stock. 
These two components had specific dispersion values of 143.9 and 
107.3, and VI values of 41 and 97, respectively. It will be ob- 
served that the presence of a comparatively low concentration of 
the imextracted stock in the blend had a profound effect on lac- 
quering tendency, both in the Lauson and Chevrolet engine. This 
effect cannot be explained by differences in over-all stability, and 
miist be attributed to differences in the natxire of the oxidation 
products. Another example is the relative behavior of white oil 
and the SAE-10 oil, shown in Table 21, in the Lauson test with a 
straight nm gasoline as fuel. The former gives a lacquer rating of 
about 9, and the latter about 5 ; although the former is by far the 
less stable of the two it produces much less lacquer, for its oxida- 
tion products, which are nonaromatic, are almost completely solu- 
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!Figure 12. Effect of Oil Compoaition on Lacquer Rating. (Unleaded Aviation 
Gasoline Used as Fuel) 

X Chevrolet Engine O Lauson Engine 

ble or volatile, while an appreciable portion of oxidation products 
of the latter are insoluble. 

One of the objectionable effects of deposits in the combustion 
chamber of an automotive engine is their proknock tendency. An 
engine which has acciimulated deposits will therefore require a 
gasoline of higher octane number for knock-free oi)eration than 
will a clean engine. Oils made from narrow cut distillate fractions 
and thickened with synthetic polymers produce less “octane re- 
quirement increase” than lubricapts which contain high molecu- 
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lar weight petroleum fractious.^ This is one of the advantages of 
multi-grade motor oils over the conventional products. 

Various additives affect the formation of oil insolubles; some are 
beneficial in this respect and others are detrimental. Antioxidants 
and anticatalysts (deactivators and psssivators) decrease the rate 
of formation of oil insolubles through their effect upon over-all rate 
of oxidation. Certain additives, however, form oil-insoluble de- 
terioration products, and thus contribute directly toward the for- 
mation of potential lacquer, even though they may inhibit oxida- 
tion of the oil. Phenyl-a-naphthylamine is an example of this type 
of additive. Although it appears off-hand to be paradoxical, dis- 
persants in general tend to increase the rate of formation of oil- 
iosolubles in an engine. This is due to their ability to keep engine 
surfaces clean and vulnerable to attack by acidic oxidation prod- 
ucts, thus enhancing metal catalysis. As far as lacquer formation 
is concerned this effect is, of course, more than offset by the bene- 
ficial effect of the dispersant in preventing deposition, as will be 
seen in the next section, but it may constitute a problem with 
respect to over-all oxidation and bearing corrosion.** - *® 

Conditions. The conditions under which an engine is operated 
have a profound effect upon the rate of formation of oil-insolubles, 
both from the oil and from the fuel. As mentioned previously, 
temperature is one of the most important conditions as far as ef- 
fect upon the formation of deposits is concerned. 

The effect of temperature upon the formation of oil-insolubles 
from the oil can be explained by the well-known exponential rela- 
tionship between temperature and rate of oxidation. From this 
standpoint low operating temperatures are desirable. 

The influence of temperature upon the formation of oil-insolu- 
bles derived from the fuel is more complex. At low temperatures 
there may be more oxidation of fuel components to oil-insolubles, 
since there is a higher concentration of fuel dilution present in the 
oil under low temperature conditions and since the fuel is nor- 
mally much less resistant to oxidation than is the lubricant. At 
high temperatmes the diluents in the lubricating oil are vaporized 
and removed from the crankcase. It has been pointed out by 
Mougey** that heavy piston deposits are built up in the FL-2 test 
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when certain fuels axe used in conjunction with either straight 
mineral oils or heavy-duty lubricants. One such fuel was shown to 
give excellent results when run with a heavy-duty oil in the L-4 
test, which differs from the FL-2 test primarily in that much 
higher jacket and oil temperatures are used (see Table 19). 

Bowhay and Koenig* have shown the effect of several factors 
upon the deposition of “low temperature sludge” upon piston 
skills, oil rings, and the oil pan and cover plates. An increase in 
jacket temperature from 96 to 120“F had a marked effect in re- 
ducing deposition, and a further increase to 180°F had a further 
effect in the same direction. This, of course, constitutes a strong 
argument in favor of high-temperature thermostats in the cooling 
systems of engines. Marked reduction in deposition was also 
brought about by raising the intake manifold temperature from 
95 to 190°F. Here, as in the case of jacket temperature, the in- 
crease in temperatme probably reduced the quantity of fuel pres- 
ent in the liquid state, and hence resulted in less dilution of the 
oil, thereby decreasing the concentration of “potential deposits” 
in the oil. 

Thus the optimum temperature in an engine, as far as obtaining 
freedom from lacquer and sludge deposits is concerned, is a matter 
of compromise. Too low a temperature results in excessive deposits 
derived from the fuel and too high a temperature results in exces- 
sive oxidation of the oil. However, since present oils are made to 
resist oxidation at fairly high temperatures, operation at moder- 
ately high temperatures is to be preferred. 

Catalysis by engine metals, particularly copper and iron, and by 
“crankcase catalyst”, which hM as its main active ingredients iron 
halides formed from the engine metal and halogens occurring in 
tetraethyllead fluid, is another important factor in determining 
the rate of formation of engine deposits. 

The presence of water in the crankcase may have a pronounced 
effect upon rate of oxidation of the oil, although this factor does 
not appear to have received much study. Water is, however, 
known to have a marked effect upon the length of the induction 
period of a turbine oil in the Turbine Oil Stability Test,'® which is 
run in the presence of metallic copper and iron. An oil which had 
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an induction period of only 110 hours in the standard test 'with 
water present lasted for more than 400 hours in the absence of 
water. Similar results have been observed in an accelerated bomb 
test run in the presence of oxygen and the same two metals used in 
the above-mentioned test. The presence of water decreased the 
“life” of various oils by a factor of 3 to 10. This effect is probably 
associated with metal catalysis. 

The presence of water, like that of dilution, in an engine can be 
controlled through the control of temperature. Crankcase ventila- 
tion is another important factor which influences the amount of 
water and dilution present.*® Without effective ventilation the 
advantages of optimum operating temperatures are not fully re- 
alized. 

Factors Influencing Deposition of Oil-insolubles in an Fogine 

Hydrocarbon Composition of Lubricating Oil. While the com- 
position of an oil affects lacquer primarily through its effect upon 
the formation of oil-insolubles, there is an additional effect upon 
deposition. This is illustrated in Figure 13, in which each point 
represents an experiment in which a given weight of asphaltenes in 
benzene solution was added to an oil, after which the solution was 
heated under specifled conditions and filtered to determine the ex- 
tent of peptization and solu'tion of asphaltenes. It will be observed 
that the presence of diamyl anthracene had a pronounced effect, 
whereas that of mono-, di-, and polyamyl naphthalene had much 
less effect upon the ability of the oil to dissolve or peptize asphal- 
tenes. White oils differ appreciably in this respect depending upon 
their naphthene content, as shown in the third curve in Figure 13. 

These results indicate that paraffins have poorer solvent and/or 
antiflocculant properties than naphthenes and aromatics. Since a 
high Viscosity Index is associated ■with a high paraffin content it 
follows that oils of high Viscosity Index are at a disadvantage with 
respect to holding asphaltenes in solution or colloidal dispersion. 
The use of base stocks of high Viscosity Index thus imposes more 
of a burden upon the added dispersant. 

Dispersants. Straight mineral oils are deficient in their ability 
to prevent deposition of lacquer and sludge under severe operating 
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PER CENT NAPHTHENE RINBS IN WHITE OIL (WATERMAN ANALYSIS) 
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Figure 13. Effect of Hydrocarbon Compoaition upon Solvent and Antifloccu- 
lant Properties of Oil. 
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conditions, and it is general practice to correct this condition, par- 
ticularly in heavy duty oils, by the incorporation of specific addi- 
tion agents. Such oUs are commonly known as “detergent” oUs, 
and the additives responsible for this function are usually referred 
to as “detergents.” These terms are misleading, since the adjec- 
tive “detergent” means “cleansing” or “purgmg”, while the func- 
tion of the additives in question is primarily that of preventing 
deposition rather than that of removing deposits formed previ- 
ously. Georgia* has suggested the term “dispersant” as being more 
descriptive. Dispersants are defined as additives which prevent 
the flocculation or coagulation of colloidal particles. It should he 
understood that flocculation can occur either within the interior of 
the oil phase, with a resulting precipitation of large sludge par- 
ticles, or on engine surfaces in the form of a resin or lacquer. A 
dispersant may have detergent properties, but if it is added to a 
fresh oil which is placed in a clean engine it need function only 
as an antiflocculant, for the insoluble materials pass through the 
colloidal state in the process of their formation, and the additive 
needs only to maintain the system in that state. However, it may 
exhibit some detergent properties if added to an engine containing 
deposits formed previously. Several of the more commonly used 
dispersants are listed in a later section. The mechanism of the ac- 
tion of dispersants in maintaining oil-insolubles in a state of rela- 
tively stable suspension may be considered to be analogous to 
that of emulsifying agents in oil-water systems. Water droplets 
suspended in an undoped oil coalesce readily, for in so doing they 
lower the area of the interface and hence the free interfacial energy 
of the system. When emulsifying agents are present they are ad- 
sorbed at the interface of the droplets. The driving force behind 
this adsorption process is the decrease in free interfacial energy, 
which in ergs per square centimeter is numerically equal to the 
decrease in interfacial tension in dynes per centimeter. Because 
of the fact that the system is at a lower free energy level, and pos- 
sibly because the adsorbed film offers mechanical protection as 
well, there is less tendency for droplets to coalesce ; hence the emul- 
sion is more stable. In the case of oil-insolubles in oil a similar 
theory can be used except that the discontinuous phase is a solid 
instead of a liquid. Figure 14 shows photomicrographs of dispersed 
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Figure 14. Dark Field Photomicrographs of Used Oil after Lauaon Engine 
Test; Cracked Gasoline Used as Fuel. (Magnification approximately 350X). 
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and of flocculated sludge particles. It has been suggested that dis- 
persants act through adsorption on the metal surfaces of the en- 
gine as well as on the particles of oil-insolubles.' However, if this 
were the case one would expect that metal catalysis and bearing 
corrosion would be decreased through a passivating action; ac- 
tually the opposite is true." It must, therefore, be concluded that 
if dispersants do form an adsorbed film on metal surfaces, the 
film is not at all impervious to corrosive oxidation products of the 
oil. 

As an alternative to this physical mechanism Denison and 
Clayton' have suggested a chemical theory to account for the ac- 
tion of certain dispersants. According to their theory, lacquer 
forms on hot surfaces by the condensation of oxyacids which are 
formed through oxidation of the oil. Basic additives, which are 
salts of strong bases and weak acids, combine with these stronger 
oxyacids to form salts. The weak acitte liberated in the reaction 
are not capable of condensation to lacquer. 

An effective dispersant is capable of preventing the deposition 
of lacquer originating either in the oil or in the fuel, at least under 
certain operating conditions. This is illustrated in Table 22. The 
differences shown in Table 22 are much greater than those shown 
in Figure 13, demonstrating that 2 per cent of a dispersant of this 
type is much more effective than a change of 10 or 20 per cent in 
aromatic or naphthene content in the base stock. 

While a given oil has certain solvent and antiflocculant proper- 
ties when fresh, these properties, may undergo profound changes 
during use in an engine. Both the base stock and the additive may 
change in this regard. The former will in general become more 


Tabld 22. EPFBKrr op DisPBBaANTS in Rhducino Lacquehinq 
IN 40 HB. Lauson Test 
(Oil 286*^) 


Lubricant ' 

Fuel 

Diaperaonts* 
In Oil, % 

Lacquer Rating 

White Oil 

Cracked gasoline 

0 

3.7, 3.4 

White Oil 

Cracked gasoline 

2 

10.0, 9.8 

Duo-Sol Extracted 

Straight run gasoline 

0 

5.2 

Duo-Sol Extracted 

Straight run gasoline 

2 

10.0 
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polar due to the presence ‘of soluble oxidation products, and will, 
therefore, have a greater tolerance for dissolved or colloidally dis- 
persed sludge. In cases of extreme oxidation this effect may be so 
pronounced that the addition of fresh oil to the oxidissed sample 
results in copious precipitation. This is particularly true when a 
fresh parafi&nic oil, e.g., Pennsylvania or solvent-extracted Mid- 
Continent, is added to an oxidized naphthenic oil, e.g., Cahfomia, 
but may also occur when a fresh oil is added to oxidized material 
of identical original composition. Mougey“ attributed the forma- 
tion of “coffee ground” sludge to this mechanism. 

There is, in addition to the solvent and dispersant effect im- 
parted by soluble oxidation products, a dispersant effect of soluble 
metal soaps formed by the action of some of the oxidation prod- 
ucts upon en^e metals and lead resulting from the combustion 
of fuels containing tetraethyllead. All these changes are in the 
direction of decreased tendency toward deposition of oil-insolu- 
bles. The possible changes which dispersants undergo during en- 
gine operation include thermal decomposition, oxidation, and 
hydrolysis, and these changes normally result in a loss m anti- 
flocculation properties. 

Metal-containing dispersants probably undergo changes during 
service which are not readily apparent. It is quite conceivable that 
a metal soap, for example, wotild imdergo oxidation or thermal 
decomposition, but would then form another soap through com- 
bination with an acidic oxidation product of the oil. Such a change 
could result in an increase or decrease in the effectiveness of the 
additive. The change would be difficult to detect if the new soap 
were equally effective as a dispersant. If such reactions are taking 
place, the important part of most dispersants, as far as the final 
effect is concerned, is the metal constituent. The organic portion 
of the molecule may serve only to keep the metal in solution until 
further reaction takes place. However, it should be understood 
that an analysis for total ash or for the specific metal contained in 
an additive does not necessarily indicate the presence of the orig- 
inal additive in a used oil. 

Conditions. While the principal effect of engine conditions upon 
lacquer and sludging is through the formation of insoluble ma- 
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terial, there is an additional effect upon the deposition of these 
products. One condition that appears to be important is the pres- 
ence of water. In cold operation the presence of water in the crank- 
case leads to the formation of the so-called “mayonnaise” type of 
sludge deposit, while lacquer deposits are more likely to form at 
higher temperatures, in which case there is no water present. 

Temperature has a direct effect upon the ability of an oil to 
dissolve or peptize oxidation products, as well. This is illustrated 
in Figure 15, which is based upon the residts of experiments 
similar to those described in connection with Figure 13. It will 
be observed that increasing temperature causes a reduction in 
asphaltenes retained on the filter, indicating an increase in sol- 



Figure 16. FfTeot of Temperature on Peptization and/or Solution of Asphal- 
tenes in White Oil. (0.1% asphaltenes, 16 hours) 
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vency and/or antiflocculant efl&ciency. The breaks in the curves 
for the two doped oils at high temperatures are attributed to de- 
composition of the dispersant, either throu^ oxidation or thermal 
effects. For practical purposes the increase in tolerance for dis- 
solved or dispersed asphaltenes associated with higher tempera- 
tures would, of coiuBe, be much more than offset by the increased 
rate of formation of asphaltenes. 

Efiect of Oil Filters upon Dispersants 

Oil filters can be classified into two general t 3 rpes: those which 
function mechanically, and those which act through adsorption. 
For straight mineral oils the latter type offers certain advantages, 
since within the limits of its capacity it removes harmful soluble 
oxidation products, e.g., corrosive acids, as well as insoluble 
sludge particles and extraneous solids. For additive type oils, how- 
ever, only a mechanical filter should be used, for the adsorption 
type removes many additives as well as soluble oxidation products 
by adsorption. Most antioxidants and dispersants would fall in 
this category. McDonald‘S has shown that a fresh adsorption filter, 
containing fuller’s earth as adsorbent, removed more than 50 per 
cent of the soap-type additive from a diesel oil in 8 hours of opera- 
tion, and 80 per cent in 24 hours. 

Nutt" has shown that all filters remove some additive from an 
additive oil. He evaluates filters by circulating a clean, fresh oil 
through them for 100 hours at 160°F and a pressure drop of 20 
psi. A removal of 30 per cent of the additive is allowed. He has 
also shown that finely divided silica, fuller’s earth, carborundum, 
and aluminum can be filtered from a dispersant type oil with ap- 
proximately the same ease as from a straight mineral oil. Organic 
deposits ori ginating from the fuel and oil, on the other hand, are 
held in such a fine state of subdivision by the dispersant, if it is 
functioning properly, that they pass through mechanical filters. 
Watkins*' has pointed out the fact that any molecules of dis- 
persant which are attached to relatively large sludge particles 
suspended in the oil will be removed upon passage of the oil 
through a mechanical filter, but that such molecules have accom- 
plished their purpose by keeping the sludge particles suspended 
until they reach the filter. 
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Evaluatioii of Additives 

Engine Tests. To determine whether or not a given additive will 
reduce the tendency of a given oil to lacquer, it is necessary only 
to run engine tests with and without the additive. However, it is 
possible with the. further expenditure of only a relatively small 
amormt of time and effort to evaluate the additive fairly com- 
pletely with respect to mechanism. La\ison tests, both with the 
combination of a lacquering oil and a nonlacquering fuel and with 
the combination of a white oil and a lacquering gasoline, along 
with laboratory oxygen absorption tests, both with and without 
metals present, provide sufficient data to supply a reasonably com- 
plete picture. The behavior of three types of additives in these 
tests is summarized in Table 23. The three types behave quite 
differently when performance under aU conditions is considered. 
It must be recognized, of course, that many commercial additives 
are mixtures containing two or more of these tsrpes; in some in- 
stances two or three functions may be included in a single mole- 
cvile. 

The detergent properties of an oil, i.e., the ability to remove 
previously formed deposits, can be determined by running the oil 
in a prelacquered engine. McNab et aZ.^‘ have reported considera- 
ble removal of engine deposits from an automotive diesel engine 
by the use of an additive which they describe as a detergent-dis- 


Tablb 23 . Bshaviob of Diffbrbnt Ttpbb of Oil Additivbb in Laubon 
Enginb and in Labobatobt Oxtgbn Abbobption Tbbtb 




Effect In Lauion Engine 


Effect on Rate of 

Tjpe of 
Additive in 
Lubrloiting Oil 

Straight Run Fuel, 
Lacquering Oil 

Cracked Fuel, 
Nonlacquering Oil 

Orynn Ahaor^on In 
Laboratory Testa 


Quantity of 
Lacquer 

Change in Oil 
Properties 

Quantity of 
Lacquer 

Change In Oil 
Properties 

Metals 

Present 

Metals 

Absent 

Antioxi- 

dant 

Decrease 

Decrease 

No change 

No change 

Decrease 

Decrease 

Antic ata- 
lyst 

Decrease 

Decrease 

No change 

No change 

Decrease 

No change 

Dispers- 

ant 

Decrease 

Increase* 

Decrease 

Increase* 

Increase* 

No change 


Due to ixioreaeed metal oatalyBU. 
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perser-inhibitor. Georgia* baa sbowa that beavy-duty oils, which 
contain dispersants, exert considerable detergent properties on 
engine deposits of a soft and grease-like nature which occur where 
the oil circulation is vigorous. However, he found it necessary to 
use a material having true solvent action to remove the hard, ad- 
herent deposits or the soft deposits occurring in areas where oil 
flow is limited. 

The relationship between lacquer rating and used oil properties 
depends almost entirely upon the oil and fuel used. With similar 
oils of varying stability but without added dispersant in conjimc- 
tion with a nonlacquering fuel, the used oil properties, such as 
saponification number, neutralization number, change in viscosity, 
etc. would be expected to parallel the lacquer ratings. The pres- 
ence of a dispersant would of course upset such correlations, for 
the lacquering tendency would be reduced while over-all oxidation 
would in most cases be increased. 

When an undoped white oil is run in the Lauson engine with 
various fuels there is an inverse relationship between lacquering 
and certain used oil properties which are influenced by soluble 
oxidation products. This is illustrated in Figure 16, in which 
change in viscosity and saponiflcation number are plotted against 
lacquer rating for a series of such tests. While there is a considera- 
ble scattering of points, a definite trend is indicated. The in- 
creased oxidation accompan 3 dng decreased lacquer deposition is 
attributable to increased metal catalysis by exposed engine parts. 
There is in this case no direct connection between extent of oxida- 
tion of the oil and the quantity of lacquer or oil-insolubles formed, 
for these originate in the fuel. Correlations similar to those shown 
in Figure 16 would be expected if a given oil and fuel were run 
with varying concentrations or kinds of dispersant. 

A general relationship might be expected between lacquer rating 
and oil-insolubles as determined by high speed centrifugation. 
Very few, if any, data are available on this point, however, and the 
nearest approach is the determination of naphtha-insolubles. The 
relationship between oil-insolubles and naphtha-insolubles is not 
constant. It varies with such factors as composition of the oil, 
composition of the insolubles, and the presence of dispersants. 
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Figure 17. Correlation between Naphtha Insolubles in Used Oil and Lacquer 
Hating in Lauson Engine. 

Lubricant — White Oil 
Fuel — ^Various Gasolines 

However, for a given oil and for insolubles from a common source, 
the factor relating oil-insolubles and naphtha-insolubles should be 
fairly constant. The relationship between lacquer rating and 
naphtha-insolubles for white oil run with various fuels is shown in 
Figure 17. 

Laboratory Tests. In laboratory investigations, as in engine 
testing, it is desirable to distinguish between the formation and the 
deposition of oil-insolubles. The insolubles may be introduced into 
the oil by oxidation of the oil itself or they may be added in a pre- 
formed state, either in solution in a solvent which is miscible with 
oil, e.g., asphaltenes dissolved in benzene, or in a solid state, e.g.. 
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lampblack. All these methods have their advantages and disad- 
vantages. Oxidation of the oil closely simulates engine behavior as 
far as the formation of insolubles derived from the oil is concerned. 
However, it does not take into consideration the effect of fuels. 
Furthermore, it complicates the evaluation of additives, for anti- 
oxidants as well as dispersants reduce the quantity of lacquer or 
sludge recovered. The use of a benzene solution of asphaltenes, 
preferably obtained from used engine oils, has the advantage of 
separating the effects of oxidation and flocculation. This method, 
namely, of replacing one splvent, in this case benzene, with another 
in this case lubricating oil, is a standard method for preparing 
coUoidal solutions. Its main disadvantage as applied to this prob- 
lem is the difficulty of obtaining a standard and reproducible 
source of asphaltenes or oil-insolubles. Lampblack has been used 
by Talley and Larsen** to simulate soot deposits formed in diesel 
engines. It is probably more easily defined and reproduced than 
asphaltenes since it more nearly approaches being a definite chemi- 
cal substance. However, it must be added as a solid and in a state 
of aggregation outside of the colloidal range. 

There are several methods for determining the extent of floccu- 
lation of oil-insolubles. The most direct for qualitative purposes is 
a simple microscopic examination. For quantitative work filtra- 
tion or high speed centrifugation may be employed. Additional 
methods are the chromatographic technique Tised by Talley and 
Larsen in connection with their studies with lampblack, and effect 
upon infrared radiation. Talley and Larsen have described four 
tests which employ various combinations of introduction of oil- 
insolubles and determination of the degree of peptization. The 
first two employ oxidation of the oil for forming the insolubles and 
high speed centrifugation and transmission of infrared light of 
9700 Angstrom umts wave length, respectively, for detecting pep- 
tization. The third is the Wood River method in which a benzene 
solution of asphaltenes is added to the oil, followed by filtration. 
The last is the chromatographic method in which lampblack is 
added to the oil which is then filtered through a column of sand 
and the depth of penetration by lampblack noted. 

A very simple test has recently been developed for determining. 
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Figure 18. Typical Chromatogramfl. 


qualitatively, the presence of oil-insolubles and the degree of dis- 
persancy.“ It is a form of paper chromatography. A drop of oil is 
placed on a piece of analjdical grade filter paper, and its appear- 
ance noted after spreading has taken place. Typical “chromato- 
grams” are shown in Figure 18. 

Commercial Use of Dispersants 

On the basis of the preceding discussion it is possible to formu- 
late the following characteristics which a dispersant should pos- 
sess: 

(1) Ability to prevent fioccnlation of oil-inaoliiblea. This is, of 
course, the primary requirement of this type of additive. 

(2) Absence of harmful effects upon other properties. The com- 
pound should not adversely affect the physical or chemical prop- 
erties of the oil, e.g., pour point, viscosity-temperature slope, 
oxidation stability, corrodibility of bearings, etc. 

(3) Solubility in base stock and compatibility with other additives. 
The dispersant must not separate from solution at low tempera- 
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tures and mufit be compatible with other addition agents such 'as 
antioxidants, passivators, pour point depressors, antifoam agents, 
etc., which inay be present iu the oh. 

(4) Stability to oxidation, hydrolysis, and high temperatures. 
Many compounds which are effective dispersants at room tem- 
perature fail in practice because of poor thermal stability or ease 
of oxidation or hydrolysis. The extent of stability required varies 
with the application. 

In addition the dispersant must be available at a low enough 
cost so that its use is practical. 

Of the five types of lubricating oil additives mentioned by 
Wright,*' dispersants constitute the most recent development. 
Wright’s survey showed that patents on dispersants began later 
and reached their peak later than the other four classes of addi- 
tives covered. 

Dispersant oils are quite generally used, and it has been pointed 
out that they are performing creditably under the following con- 
ditions:” 


Heavy duty truck service. 

light duty city pickup and delivery service. 

High speed passenger car service. 

Smalheer and Mastin'^ have traced the chronological develop- 
ment of commercial dispersants as follows: 

Aluminum dinaphthenate 

Alkaline earth phenates and alkyl phenol sulfides 

Basic sulfonates 

“Overbased” sulfonates 

Ashless dispersants 

The copolymer of lauryl methacrylate and diethylaminoethyl 
methacrylate is an example of the last named class.” It is claimed 
to be effective in preventing agglomeration and precipitation of 
sludge even in the presence of water. 

Heavy duty engine oils are commonly manufactured by incorpo- 
rating an antioxidant and a dispersant into a suitable mineral oil 
base. Georgi” lists the following dispersants which are used com- 
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merciaJlly in such oUs: calcium petroleum sulfonate, calcium cetyl 
phosphate, calcium octyl salicylate, calciiim phenyl stearate, the 
bariTim salt of wax-substituted benzene sulfonate, the barium salt 
of wax-substituted phenol carboxylate sulfide, and the potassium 
salt of the reaction product of phosphorus pentasulfide and poly- 
butene. 

Another type of lubricant, known as “Series 2” oil,“ is now in 
common use. This type differs from conventional heavy duty oils 
in that five to ten times the concentration of additive is used. The 
use of oils of this tj^pe has proved very successful under certain 
severe conditions, particularly those involving the operation of 
diesel engiues on Mgh-sulfur fuel.* 
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Chapter 6 


EMULSIFICATION AND FOAMING 

Introduction 

The tendency for an oil to foam or emulsify varies widely with 
its properties, notably its surface active characteristics. Foaming 
is in general undesirable in a lubricant. A bearing noay fail from 
lack of lubrication if the oil being pumi)ed through it is momen- 
tarily replaced by a pocket of air. Emulsification, on the other 
hand, may be either desirable or undesirable, depending upon the 
application. Oils used to lubricate various nxachines may become 
contaminated with water. Steam turbine oils are, for example, 
often contaminated with steam which enters the oil through small 
leaks and condenses in the oil. Ease of separation of water from 
the oil is essential, since bearings which are designed for lubrica- 
tion with oil of a certain viscosity are not satisfactorily lubricated 
by water or a mixture of oil and appreciable quantities of water. 
The presence of emulsifying agents in the oil can therefore not be 
tolerated in this type of installation unless contamination by water 
and steam can be completely eliminated. Oils used in other ap- 
plications, e.g., “soluble” cutting oils, require the presence of 
relatively high concentrations of effective emulsifying agents, 
since they are xised in the form of an emulsion. Soluble oil is mar- 
keted in the form of an oil concentrate which is emulsified with 
water prior to use. The ratio of oil to water in the emulsion is 
normally of the order of 1 : 20 to 1 : 60 or 1 : 60. Lubricants of the 
emulsion type, since they contain such a large concentration of 
water, have a much higher specific heat and latent heat of vapor- 
ization than anhydrous oils. They are used to good advantage 
whenever cooling rather than lubricity is of paramoimt impor- 
tance. 

Theory of Emulsions 

An emulsion may be defined as an intimate dispersion of one 
liqviid within another. Such a system is thermodynamically im- 
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stable. However, the time required for phase separation may vary 
from seconds to years. The free interfacial energy, which in ergs 
per square centimeter of interface is numerically equal to the m- 
terfacial tension in dynes per centimeter, acts as a driving force 
to decrease the interfacial area, i.e., by causing small drops to 
coalesce into larger ones whenever they come in contact with one 
another as a result of Brownian movement or mechanical agita- 
tion. The rate of separation of an emulsion is a function of the 
initial particle size, the difference in density of the two phases, the 
viscosity of the continuous phase, and the gravitational constant. 
The mathematical relationship, known as Stokes’ law, is as fol- 
lows: 

y ^ 2 r*(di - di)g 
9 n 

where U is the settling velocity, r is the radius of the droplets, 
dt and di are the respective densities of the two phases, g is the 
gravitational constant, and n is the viscosity of the continuous 
phase. Separation of an emulsion of a given initial particle size can 
be accelerated by increasing the gravitational force through the 
use of a centrifuge. In many cases it is possible to increase (4 — 
di) or to decrease ij by the addition of a solute or solvent to the 
continuous phase. For example, in emulsions of hydrocarbons m 
water, the density of the aqueous phase, and hence (da — di), 
can be increased by the addition of water-soluble inorganic salts. 
Furthermore, in emulsions of water in viscous oil it is possible to 
effect a marked reduction in 17 by the addition of a hydrocarbon 
of low viscosity such as pentane or hexane. 

If a pure hydrocarbon of low molecular weight, for example 
hexane, is agitated with pure water, the resulting emulsion is very 
unstable, since the interfacial tension is high and since (di = di) is 
high and 17 is low. Lubricating oils are much more viscous than 
hexane and their density approaches that of water more closely. 
However, they, too, form unstable emulsions with water provided 
they are free from polar components. Many compounds such as 
organic acids and soaps act as emulsifying agents. They are ef- 
fective even when present in minute concentration, since they are 
adsorbed at the water-oil interface. A very low bulk concentration 
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can result in a very high local concentration at the interface. Polar 
components capable of acting as emulsifiers may find their way 
into a lubricating oil from the following sources : 

(1) Crude petroleum. Crude petroleum contains appreciable 
quantities of naphthenic acids and other polar components. Some 
of these occiu' in the lubricating oil fractions and they are not al- 
ways completely removed by refining. They can act as emulsifiers 
in their original form. Furthermore, acidic compounds are in 
many cases precursors for more effective emulsifying agents 
through the formation of soaps by reaction with metals or metal 
ions. 

(2) Reaction products formed during refining. Befining, particu- 
larly by suUuric acid or other chemical means, introduces polar 
reaction products into the oil. These products may not be com- 
pletely removed in the subsequent stei)s of the refining process. 

(3) Oxidation of the oil during use. A well refined mineral oil is, 
when fresh, virtually free from polar impurities. However, de- 
terioration through oxidation during prolonged use may result in 
the accumulation of appreciable quantities of oil-soluble, polar 
oxidation products capable of acting as emulsifiers. The rate of 
formation of these products depends upon the composition of the 
oil and upon the operating conditions. 

(4) Additives contained in the oil. Soluble oils owe their ability 
to emulsify spontaneously with water to the presence of emulsify- 
ing agents added specifically for that purpose. Many oils which 
are not intended to be used as emulsions contain other additives 
which serve various specific purposes. Several types of additives 
are discussed briefly in Chapter S. Some of these contain polar 
groups and they may act as emulsifiers in addition to performing 
the fimction for which they were added. 

(5) Contamination. Oils are subject to contamination by emul- 
sifying agents from extraneous sources during use. For example, 
certain parts of many machines are lubricated by oil and others by 
grease. Contamination of the one lubricant by the other is some- 
times difiScult to avoid. Most lubricating greases contain relatively 
large concentrations of metal soaps, which, as a class, are notorious 
as emulsifiers. 

Thus if an oil is to possess good initial demulsifying properties. 
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it must b© refined in such a> manner that polar impurities either 
initially present or formed in the early steps of the refining process 
aie virtually eliminated. Additives used must be chosen which 
have the TninimuTn effect upon emulsion properties. In order for 
the oil to retain its ability to resist emulsification it is necessary 
that it be stable toward oxidation under the conditions imposed 
upon it and that it be protected against extraneous contamination. 

Many theories, some which overlap to a certain extent and 
others which have been discarded, have been proposed to explain 
the action of anulsifying agents.*- ^ Clayton, » for example, dis- 
cusses six theories: the viscosity, the hydration, the surface ten- 
sion, the adsorbed film, the oriented wedge, and Roberts’ theory. 
Of the factors considered in these various theories, adsorption of 
emulsifying agent at the water-oil interface is without a doubt 
the most fundamental. It is impossible to produce an emulsion of 
any degree of stability unless an adsorbed film of some kind is 
present at the interface. Substances which adsorb at the oil-water 
interface are characterized by an aflBnity for both phases. They 
may be simple molecules like organic acids which contain a hy- 
drocarbon group with an afSnity for oil and a polar group with 
an aflBnity for water. Such molecules tend to orient at the inter- 
face with the polar group toward the water phase and the hydro- 
carbon group toward the oil. Most of the common emulsifiers, e.g., 
soaps, are complex rather than simple substances, and they exist 
in a coUoidal state rather than in true solution. However, the 
same requirements regarding mutual aflBnity for both phases ap- 
ply. Finely divided solids may also act as emulsifying agents. 
Here again it is necessary for the solid to have an aflBnity for both 
phases, i.e., it must be selectively, but not completely, wetted by 
one of the liquid phases. 

The type of emulsion, oil-in-water or water-in-oil, is determined 
partially by the volume ratio of the two phases and the manner 
in which the emulsion is prepared, but largely by the emulsifying 
agent. In a stable emulsion, the phase which has the greater solu- 
bility or wettmg power for the emulsifier will in general be the 
continuous phase. The reason for this is schematically illustrated 
in Figure 19, which represents two emulsions, both containing a 
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(A) Stable Emulsion (B) Unstable Emulsion 

Figure 19. Effect of Emulsifier upon Type of Stable Emulsion. The small 
circles represent an emulsifier which is preferentially wetted by water. 


colloidal emulsifier which is preferentially wetted by water, 
namely an alkali metal soap. is a stable emulsion of oil in water, 
for the adsorbed soap micelles prevent the oil droplets from touch- 
ing one another and coalescing. B is an unstable emulsion of water 
in oil, since the adsorbed micelles are largely within the water 
droplets and are therefore ineffective for preventing contact of the 
droplets. 

From this illustration it is clear that there can be no general 
correlation between interfadal tension and the stability of emul- 
sions. A high interfacial tension between oil and water denotes 
little adsorption at the interface and hence an unstable emulsion. 
A low interfacial tension denotes strong adsorption, but the emul- 
sion may or may not be stable. Stable emulsions of a given type 
may actually be broken by adding an emulsifier which favors the 
opposite type. Oil field emulsions of the water-in-oil type are, for 
example, broken by the addition of an “antagonistic” emulsifier 
which favors the oil-in-water type and thus offsets the effect of 
the naturally occurring emulsifiers which favor the opposite type. 

Steam Turbine Oils 

The lubricant used in steam turbines constitutes a good exam- 
ple of an oil which is frequently contaminated with water. Tur- 
bines are designed to minimize leakage of steam and water into 
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tbe lubricant, but the occasional presence of water in the oil is not 
at all unconunon.^*’ Turbine oils are, therefore, expected to sepa- 
rate from water rather than forming stable emulsions. Gravity 
settlers, filters, or centrifuges are often used for removing the 
water from the lubrication system of a turbine". 

Turbine oils are made by incorporating oxidation inhibitors and 
rust inhibitors into base stocks of suitable physical characteristics, 
(viscosity, fiash point, etc.) and inhibitor susceptibility. In the 
selection of each of these three components consideration must be 
^ven to emulsion properties. Rust inhibitors, which are normally 
polar comjKnmds, are particularly prone to impair the demulsify- 
ing properties of the oU. 

Laboratory emulsion tests, e.g., ASTM Designation D1401 - 
66 T, Emulsion Characteristics of Steam-Turbine Oils, are com- 
monly used to evaluate the emulsification properties of turbine oils. 
While these tests are useful for controlling production at refin- 
eries, there is considerable doubt that a correlation exists between 
the results of any of the existing tests and actual turbine practice. 

Soluble Oils 

A large volume of oil is used in machine shops in various opera- 
tions performed on metals, for example, cutting, drilling, grinding, 
etc. The main requirements of lubricants used for this purpose are 
fluidity, hi g h specific heat, and good lubricating properties. The 
relative importance of the last two of these factors depends upon 
the metallurgy of the material being processed and upon the 
operation.^* The heat which is generated when a metal is cut is 
derived from the following two sources: (1) frictional heat gener- 
ated between the point of the tool and the surface of the piece 
being cut and between the face of the tool and the chip which is 
being removed; (2) heat of deformation of the metal generated by 
the bending of the chip. The cutting fluid acts as a lubricant to 
reduce friction and as a coolant to carry away the heat of friction 
and deformation. It cannot reduce the amount of heat of defor- 
mation generated. In operations where the frictional heat is great 
compared with the heat of deformation, e.g., tapping or broach- 
ing, nonaqueous oils are preferred because of their superior lubri- 
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catiBg properties. Such oils often contain added antifriction 
agents, such as fatty oils, and antiwelding agents, such as active 
sulfur compoiinds. Where cooUng is the principal function, dilute 
emulsions of oil in water are superior to oU, since water has . the 
higher specific heat and heat of vaporization. Grinding represents 
an extreme example of an operation in which cooling is of major, 
and lubrication of minor, importance. 

The principal requirement of a good soluble cutting oil is that 
it must emulsify readily with water of varying degrees of hardness 
to form a relatively stable emulsion. The emulsion must not be- 
come rancid or corrosive during use, it must have sufficient 
lubricity to satisfy the needs, and it should provide protection 
against rust. It must also be harmless to the operator. 

Soluble oils contain, as their major components, mineral oil and 
emulaif3dng agent. “ The latter are generally sodium soaps of car- 
boxylic acids and/or sodium salts of sulfonic acids. They must 
be present in high concentration in the oil in order to provide 
sufficient concentration in the final dilute emulsion of oil in water. 
Other additives, e.g., rust preventives, antioxidants, and germi- 
cides, may be added. Water and mutual solvents for oil and 
water may also be present. 

Most soluble oils form white, opaque emulsions which resemble 
milk in appearance. However, it is possible to make transparent 
emulsions by choosing the components so that both phases have 
essentially the same refractive index. A reasonable degree of 
transparency can be attained with phases of different refractive 
index by reducing the interfacial tension to a very low level with 
sufficient emulsifier of the proper type, thxis affecting a degree of 
dispersion approaching the colloidal state. Transparent cutting 
oils or cutting oil emulsions have the practical advantage that 
they do not mask the work from the vision of the operator. 

Theory of Foams 

There are many points of similarity between emulsions and 
foams. Both consist of one phase dispersed within another and 
both require the presence of an adsorbed film at the junction 
between the two phases for stability. Both may be stabilized by 
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the addition of certain polar compounds and broken by the addi- 
tion of others. Foams differ from emulsions ia that the dispersed 
phase is a gas rather than a liquid and thus has no solvent prop- 
erties for any polar substances present in the liquid-gas bound- 
ary. Furthermore the gas bubbles in a foam, unlike the liquid 
droplets in an emulsion, are subject to appreciable changes in 
volume 'with relatively small changes in temperature or pressure 
which may be imposed upon the system. These differences make 
it necessary to work out theories of foam somewhat different from 
those used for emulsions. 

While viscosity is an important factor in foam stability,' pure 
liquids, regardless of how 'viscous they are, do not produce stable 
foams, for it is impossible for them to form films differing in 
composition from 'the bulk of the hquid phase. ^ However, the 
formation of foams does not require the presence of polar com- 
ponents in the system. Binary solutions containing both an aro- 
matic and an aliphatic hydrocarbon are capable of foaming, al- 
though neither component foams when tested alone.^' Lubricating 
oils can likewise produce foam of appreciable stability even though 
they are devoid of polar components, for they are complex mix- 
tures of hydrocarbons. 

Much of the experimental and theoretical work on foaming 
has been in connection 'with boiler water problems. Foulk,' who 
was working in this field, proposed a “balanced layer” theory to 
account for foaming. According to this theory, foams owe their 
stability to a surface film which is either richer or poorer in solute 
than the bulk liquid; i.e., adsorption of solute, either positive or 
negative, has taken place. These two conditions are schematically 
illustrated in Figure 20. Since adsorption in both cases takes place 
spontaneously, i.e., with a decrease in free energy, free energy 
must be added to the system in order to “redissolve” the filmB ia 
the bulk liquid. Thus the greater the difference in concentra- 
tion of solute in the surface film and in the bulk, the greater 
the stability of the foam. 

Foulk explains the action of certain antifoam agents in terms 
of this theory to be the result of a balance between positive and 
negative adsorption. Thus a foam stabilized by positive adsorption 
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Figure 20. Poeitive and Negative Adaorption in Surface Films. (A) Poaitive 
Adsorption; (B) Negative Adsorption. 

can be broken by the addition of the proper concentration of 
negatively adsorbed substance, and vice versa. 

Foulk and Miller® published experimental data to support the 
balanced layer theory. They measured the foaming tendency of 
aqueous solutions of sulfuric acid and of several inorganic salts. 
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They also determiaed the surface tension of each solution, both 
by the vibrating jet and the drop weight methods. The former 
measures the surface tension of a fresh surface under dynamic 
conditions, while the latter deals with a somewhat aged surface 
under substantially static, or equilibrium, conditions. Adsorption, 
either positive or negative, should result in a difference between 
the two surface tension values on a given solution. Since adsorp- 
tion is, according to the theory, also responsible for foaming, it 
follows that foaming should correlate with the difference in sur- 
face tension by the two methods. Foulk and Miller actually 
showed such a correlation. However, most of their static surface 
tension values are higher than the corresponding dynamic values. 
The data are therefore not compatible with the generally accepted 
theory that adsorption takes place because of the decrease in free 
surface energy which accompanies a decrease in surface tension. 
If this theory is correct, and there is much evidence to support it, 
the surface tension of a given liquid must, in the absence of 
chemical changes, either remain constant with respect to time in 
the case of zero adsorption or decrease with time in the case of 
either positive or negative adsorption. This requires that the static 
surface tension always be equal to or less than the dynamic value. 
The data of Foulk and Miller, therefore, neither prove nor dis- 
prove the balanced layer theory. The theory is, however, quite 
plausible and is capable of explaining many of the known facts 
regarding the behavior of foams. 

Jacoby, who like Foulk worked on the problem of foaming in 
boiler water, has proposed an interesting theory of antifoam ac- 
tion.*® He pictures the double-faced bubble film which constitutes 
a foam as being subjected to a thinning action caused by the 
drainage of liquid. When the fihn reaches a critical minimum 
thickness it ruptures. Certain polar compounds which are capable 
of stabilizing the bubble film when present in a liquid state lose 
this property after some of the liquid has drained from the film. 
This is believed to be due to syneresis, which leaves the adsorbed 
substance in a solid, brittle, state in contrast to the fluid, elastic, 
state that prevailed before drainage. According to this theory, 
one of the necessary conditions for a stable foam is an adsorbed 
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film of great mobility. If this mobility is lost as a result of drain- 
age as described above, the film is easily ruptured. 

Trautman^^ has reported some interestiug data on the effect of 
the addition of low concentrations of silicones* upon the foaming 
characteristics of lubricating oil and other petroleum fractions. 
The particular siUcone used was virtually insoluble in the lubri- 
cating oils tested, and concentrations as low as five parts per 
million or less were quite effective in suppressing foaming. Traut- 
roan showed, however, that in the case of a gas oil in which the 
silicone was soluble to the extent of 0.01 per cent, the addition 
of silicone below the limit of solubility increased foam stability. 
Increasing the amoimt of silicone beyond 0.01 per cent resulted 
in a decrease in stability of the foam. This indicates that silicones 
are effective as antifoams only when present in concentrations 
exceeding their solubility. This observation is consistent with the 
theory of Jacoby. As long as the adsorbed silicone is in equilibrium 
with a partially saturated solution of silicone in oil it behaves as 
a fiuid film and stabilizes the foam. Addition of silicone beyond 
the limit of solubility causes the film to build up to a point where 
it loses its elasticity, thus causing the foam to collapse. 

Excessive foaming in a lubricating oil can be a very serious 
problem, and it is sometimes encountered in various applications, 
e.g., diesel engines, aircraft engines, and automatic transmis- 
sions.^' Several compounds have been patented as antifoam addi- 
tives for use in lubricating oils. The beet known are the sili- 
cones, which, because of their remarkable effectiveness in 
minute concentration, are in common use, normally at concen- 
trations of about 10 ppm.® Other compounds patented for this 
purpose include the calcium soaps of wool olein, sodium alkyl 
esters of sulfuric acid,* potassium oleate,“ and esters of sulfonated 
ricinoleic acid.® 
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chapter 7 


WEAR 

Introduction 

In the operation of a machine it is essential that the rate of 
wear of the moving parts be held to a TniniTmim . Most machines 
are built to close tolerances, and excessive wear of a bearing or 
a piston ring necessitates replacement of the worn part. This 
may require a major overhaul of the machine at a considerable 
cost in parts, labor, and lost operating time. 

Wear, like many other phenomena which take place when a 
machine is operated, is influenced by the design of the machine, 
the operating conditions, and the lubricating oil. In order to 
formulate lubricants which give maximum protection against 
wear it is essential that the effect of design and operating condi- 
tions, as well as the influence of oil factors, be understood. 

Types of Wear 

Wear can proceed by different mechanisms. The wear of piston 
rings in an engine operating under low temperature conditions is, 
for example, an entirely different phenomenon from the wear of 
gear teeth operating imder high pressures. Daydion^’' has classified 
wear into the following five fundamental types:* (1) cutting by 
rough surfaces; (2) abrasion by hard particles; (3) galling or 
scuffing caused by molecular forces; (4) corrosive wear by chemi- 
cally active substances; (5) fatigue pitting or cracking. Fretting 
wear may be considered as a sixth type.‘*- ”■ 

(1) CvUing. When a hard rough surface is rubbed against a 
softer metal, particles of the latter are removed by a cutting ac- 
tion. Wear of this type is negligible unless the two moving parts 
differ widely in hardness, since the cutting edges are themselves 
worn down after a relatively short period of operation. From a 

* The definitions presented here do not necessarily conform to those found 
elsewhere in the literature. There is considerable variation in nomenclature in 
this field. 


163 



164 


THS PERFORMANCE OF LUBRICATINO OILS 


practical point of view, this type of wear is the least important 
of the five. 

(2) Abrasion. Abrasive wear is quite a general phenomenon. 
It is more complicated than cutting wear in that a third solid 
component is involved. The grit responsible for abrasive wear may 
consist of particles of metal or their oxides, dust, sand, clay, or 
any other hard, solid contamination. If the moving surfaces are 
both relatively hard, e.g., gear teeth, the particles flow along with 
the oil and cause preferential wear of the softer of the two sur- 
faces. If, on the other hand, the one surface is much softer than 
the other, e.g., a babbitt journal bearing guiding a steel shaft, 
the hard particles become partially embedded in the soft bearing 
and cause preferential wear of the hard shaft. The extent of wear 
depends upon the ability of the bearing metal to embed the ab- 
rasive particles and upon the size and shape of the particles and 
their hardness with respect to that of the shaft. Particles with 
sharp edges can roughen and score a steel shaft if they are not 
sufficiently embedded. If they are almost completely embedded 
they merely remove the high spots on the shaft and give it a 
high polish. 

(3) Galling or scuffing. The welding together of portions of two 
surfaces, followed by a tearing away of relatively large particles 
of metal, is known as galling or scuffing. While this type of wear 
is not as common as abrasion, it is of a much more serious nature 
when it does occur. Abrasive wear is, as a rule, a slow, cumulative 
process, while galling may result in almost instantaneous failure. 
Galling takes place only when conditions allow the two surfaces 
to approach each other closely enough so that intermolecular 
forces apply. It is favored by high temperatures and pressures 
and by clean surfaces. The presence of a film, e.g., that formed 
by an extreme pressure lubricant, permits operation at much 
more severe conditions of temperature and pressure. Conversely, 
surfaces which have been subjected to abrasion are particularly 
susceptible to galling. Dayton‘S found that the pressure required 
to cause galling in a laboratory test could be greatly reduced by 
the presence of grit in the lubricant. Some surfaces were much 
more sensitive to the action of grit than others. Dayton found, 
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for example, that a lapped steel surface could withstand almost 
three times as much pressiire as a groimd surface before gaUing 
occurred, provided the lubricant was free from grit. The addition 
of grit up to one per cent in the lubricant had no appreciable 
effect upon galling in the case of the groimd surface, but the pres- 
ence of as little as one hundreth of a per cent in the case of the 
lapped surface reduced the allowable pressure by a factor of two 
to three. 

(4) Corrosive wear. When an oil contains components which 
can combine chemically with a metal, wear of a corrosive natme 
can occur. Moderate corrosive wear, e.g., that promoted by ex- 
treme pressure agents, may be beneficial in that it prevents gall- 
ing. Excessive corrosion is, on the other hand, highly objection- 
able. Corrosive wear, like galling, may be aggravated by abrasive 
wear which leaves the surfaces vulnerable to attack. The products 
of corrosion may themselves act as abrasives, e.g., iron oxide or 
copper sulfide particles. 

The corrosion of bearing metals by organic acids dissolved in 
the oil, by aqueous adds, and by sulfur compounds, has already 
been discussed in Chapter 4. Ferrous metals are likewise subject 
to corrosive wear, particularly by aqueous acids. Williams** has 
shown that cylinder and piston ring wear in internal combustion 
engines occurs largely during the warm-up period. He concluded 
that corrosion, induced by condensed water vapor in the com- 
bustion chamber, is responsible. The condition is aggravated by 
water-soluble acids, which may include carbonic acid and low 
molecular weight carboxylic acids resulting from the combustion 
of hydrocarbons ; sulfurous and sulfuric acids resulting from com- 
bustion of sulfur compounds in the fuel ; and nitrogen acids formed 
in small amounts from atmospheric nitrogen in the combustion 
process. In the case of engines burning leaded gasoline, halogen 
acids, particularly hydrobromic acid, formed by combustion of 
the halide scavenger which is present in tetraethyllead fluid, also 
contribute to corrosive wear. 

(5) Fatigue. Metals fail through fatigue when they are sub- 
jected to excessive local stresses. Babbitt bearings will crack and 
eventually disintegrate when the shaft they support is loaded 
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beyond a certain limit. This type of failure is frequently encoun- 
tered in heavily loaded or poorly aligned gears. Most investigators 
do not consider it as a type of wear, but rather as a type of me- 
chanical failure. 

(6) Fretting wear. Fretting wear, or fretting corrosion as it is 
often called, is a type of surface damage that results when vibra- 
tion occurs between two surfaces \mder conditions of high load. 
Fart of the ultimate damage is caused by abrasive oxides formed 
in the first stages of the process. 

Measurement of Wear 

Several methods have been devised by various investigators for 
the quantitative determination of wear, the most common of 
which measure change in weight or dimensions. The weight meas- 
urement method is frequently used in the case of small parts 
which can be weighed on an analytical balance; the dimension 
measurement method may be used for larger parts as well. Wil- 
liams,** for example, determined the wear of cylinder rings gravi- 
metricaUy and that of cylinders by means of a gage capable of 
measuring to an accuracy of d=0.002 nun. An instrument known 
as the McKee gage, developed at the Bureau of Standards, is 
claimed to be even more sensitive.^ This gage determines wear 
by measuring changes in the length of indentations made prior 
to the test with a precisely shaped tool. 

Boerlage and Gravesteyn* and Everett and Keller** measured 
cylinder and ring wear by examining the used crankcase oil rather 
than the engine parts. In this method, based on iron analysis, it 
is assumed that wear of other ferrous parts of the engine which 
are lubricated by the crankcase oil is negligible and that virtually 
all the metal worn from the cylinders and piston rings remains 
uniformly suspended or dissolved in the oil. These assumptions 
have been questioned, and the method has not been universally 
accepted. However, Boerlage and Gravesteyn showed good agree- 
ment between total wear calculated from analysis of the oil and 
that determined by direct measurement of the engine parts. The 
oU analysis method has the big advantage of permitting the deter- 
mination of a wear vs. time curve throughout an engine test. 
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Such a curve is easily obtamable from data on small representative 
oil samples taken at intervals during the test. The method of 
Everett and Keller consists of ashing a 10 g sample of oil, dissolv- 
ing the ash in hydrochloric acid, adding ammonium thiocyanate, 
and determining iron colorimetrically. 

Other methods that have been used to detect wear include x-ray 
diffraction, electron diffraction, and radioactive tracer techniques. 
Clark, Sterrett, and Lincoln^* used x-ray diffraction in studying 
thd wear of brass pins used in the Almen machine. These pins 
had a fiber structure, with the “fiber axis” parallel to the axis of 
the pin. Forces acting on the pin during the Ahnen test (see Figure 
2, Chapter 1) are perpendicular to this axis and result in a new 
perpendicular fiber axis. X-ray diffraction detects the change in 
fiber structure which is in turn an indication of wear. Finch and 
Zahoorbux” employed electron diffraction to study changes in 
metal surfaces caused by wear. The transformation from a crys- 
talline structure formed by cutting or abrading to an amorphous 
surface (Beilby layer) by polishing is readily detected by electron 
diffraction. Pinotti, Hull, and McLaughlin” studied piston ring 
wear by irradiating cast iron piston rings and measuring the radio- 
activity of the used crankcase oil. This method has also been used 
to good advantage by Jackson and co-workers**’ **-" and by 
Kavanagh” and Dyson and Williams.” 

Wear may be measured on parts taken from full-scale engines 
or smaller test engines or in bench-scale apparatus specifically 
designed for the purpose. These include bench-scale gear tests 
and the bench tests described in Chapter 1. 

Prevention of Wear 

The complete elimination of wear constitutes an ideal rather 
than a practical goal. However, there are several approaches by 
which rate of wear can be reduced to a satisfactory level. The 
factors which determine rate of wear can be classified into two 
main types, (1) mechanical factors, and (2) lubricant and fuel 
factors. 

Mechanical Factors. Choice of Materials. Wear can often be 
reduced by a proper choice of the metals comprising the moving 
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parts. Softer metails are in. general more rapidly worn than harder 
ones. There is, however, no direct relationship between hardness 
and resistance to wear. According to Poppinga,*^ the most wear- 
resistant cast iron consists of a -uniform pearlite matrix which 
contains graphite in a fine laminar form. The wear resistance of 
ferrous metals can also be improved by the incorporation of phos- 
phorus into the alloy or by surface treatment, e.g., nitriding or 
chromium plating.*^ 

The optimum wear-resisting composition for a ^ven application 
depends to a large extent upon the type of wear which predomi- 
nates. For example, the best composition for hea-vily loaded gear 
teeth might be quite different from that for piston rings and cyl- 
inders for an intemal combustion engine operating intermittently 
at low ambient temperatures, in which case corrosive wear pre- 
dominates. 

Fretting wear is greatly influenced by the combination of metals 
involved. Cast iron on chrome plate and hard tool steel on stainless 
steel are for example quite susceptible to this type of damage; 
cast iron on cast iron and brass on cast iron are intermediate in 
this respect; while hard tool steel on hard tool steel and cold 
rolled steel on cold rolled steel both have good resistance to fret- 
ting wear.*" 

In actual practice the composition chosen for a given machine 
part is influenced by many factors other than wear. Such proper- 
ties as structural strength and weight are important, along with 
cost and availability. The final selection is often a compromise 
between minimum wear and optimum performance in other re- 
spects. 

Surface Finish. Surface finish is a particularly important factor 
in determining the initial rate of wear, i.e., during the “break-in” 
period. If the harder of two hard rubbing surfaces has a rough 
initial finish, considerable cutting wear of the softer surface may 
take place before the rough surface is itself worn smooth. In the 
case of a hard shaft rotating in a soft bearing which is capable of 
embedding abrasive particles, the initial wear of the shaft itself 
is governed by its surface finish. Burwell, Kaye, and van Nyme- 
gen“ determined the rate of wear during the running-in process 



WEAR 


159 


on steel shafts ground to various surface finishes. The shafts were 
guided by babbitt bearings. Both the initial rate of wear and the 
total amount of iron removed were found to be determined by 
the initial surface roughness. After two hours of running the rate 
of wear was negligible in all cases. The greatest wear was ob- 
tained on a shaft ground to a surface finish of 75 microinches, as 
measured with a profilometer, and the least with a “superfinished” 
shaft** which had a roughness of only one microiuch. 

While the smoothest possible surface is highly desirable in cer- 
tain instances, for example the one cited above, there are other 
applications in which surfaces with a certain degree of roughness 
are preferred. Decreased adhesion between metal surface and 
lubricant film may result from excessive smoothness of the sur- 
face.*'^ It has been reported that excessive smoothness in cylinder 
bores results in a rapid destruction of the surface.” 

Operating Conditions. Conditions of pressure, temperature, and 
rubbing velocity can have profound effects upon rate of wear. 
Increased pressure tends to reduce the thickness of the film of 
lubricant between the moving surfaces and thus increases the 
extent of metal-to-metal contact and wear. Excessively high 
temperatures may cause increased mechanical wear due to a de- 
crease in viscosity of the oil. Too low a temperature may, on the 
other hand, lead to corrosive wear by condensed moisture or dilute 
aqueous acids. The wear of piston rings and cylinders, which nor- 
mally constitutes the most serious source of wear in internal com- 
bustion engines, occurs largely by this mechanism.** The tem- 
perature of the cooling water and of the oil sump are therefore of 
vital importance.* Speed, like temperature, can have a dual effect 
upon rate of wear. In heavily loaded bearings, speeds approaching 
zero constitute a very severe condition, since the ZN/P function 
(Figure 1, Chapter 1) also approaches zero and the coefficient of 
friction is very high. Excessively high speeds may result in gall- 
ing through over-heating at local points of contact. From a stand- 
point of wear, moderate temperatures and pressures are therefore 
to be preferred. In practice it is often necessary to deviate from 

• The effect of temperature is further discussed in the section. Lubricant and 
Fuel Factors, Fuel, 
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optimum conditions for weax in order to achieve high efficiency 
or power from a machine of a given size. 

The xise of oil filters to remove particles of grit constitutes a 
simple means of preventing excessive abrasive wear. Williams** 
ran engine tests on used crankcase oils taken from commercial 
vehicles. He found that the samples of high ash content resulted 
in higher rates of cylinder and piston ring wear than those of low 
ash content, although there was no close correlation. Filtration 
of the used oils reduced the rate of wear to that of the new lubri- 
cant. 

Internal combustion engines may pick up grit from the intake 
air. Cattaneo and Starkman^’ cited an example in which operation 
of a light airplane for only 25 hours from a sandy landing strip 
resulted in very severe abrasive wear of the piston rings. One side 
of one of the rings was reduced in thickness to less than one half 
of its original dimension. Filters on intake air lines remove much 
of the sand and dust which would otherwise enter the engine and 
contribute to excessive abrasion. 

Lubricant and Fuel Factors. Viscosity of the Lubricant. Under 
conditions of constant pressure and speed, the function ZN/P is 
determined solely by the viscosity of the oil. As the viscosity de- 
creases, the thickness of the oil film decreases until the boundary 
condition is eventually reached. As the moving parts approach 
each other, the probability of metal-to-metal contact and wear 
increases; Viscosity would, therefore, be expected to have an in- 
verse effect upon rate of wear. Such an effect has been verified 
experimentally, although the magnitude of the effect is not great 
under conditions of abrasive wear. Williams** - ** found, in engine 
tests nm under abrasive wear conditions, that a difference in 
viscosity of about 100 Redwood seconds at 140°F was required 
to cause a noticeable difference in wear of the cylinders and piston 
rings. This difference in viscosity corresponds roughly to a differ- 
ence between SAE 10 and 30 or between SAE 20 and 40. Everett** 
ran similar tests upon a series of oils of somewhat wider viscosity 
range, viz., from SAE 70 down to lighter than SAE 10. lie found 
a low magnitude of wear, as would be expected under noncorrosive 
conditions, and the precision of the tests was rather poor. How- 
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ever, the average results for several engiue tests on each lubricant 
flowed a small but definite trend toward decreasing wear with 
incn'eaamg viscosity. The SAE 10, for example, showed an average 
wear approximately 4 per cent higher than the SAE 20, and the 
SAE 30, 10 per cent lower than the SAE 20. 

Williams** • ** foimd that viscosity has a much greater effect 
upon rate of wear of cylinders and piston rings under conditions 
favoring corrosive wear, i.e., frequent starting and stopping or 
continuous running imder cold conditions. Two oils of 10 and 50 
SAE grades, which showed only small differences in abrasive wear, 
showed differences by a factor of two in one test and a factor of 
six in another. The lighter oil allowed the greater wear in both 
cases. Williams further demonstrated the effect of viscosity upon 
rate of corrosion by dipping strips of cast iron in oils of varying 
viscosity, allowing the oil films to drain, and then exposing the 
strips to condensing steam for a prescribed length of time. The 
extent of corrosion was found to be inversely related to the vis- 
cosity of the oil. Williams pointed out, however, that in the engine 
test he employed there was very little delay in flow of oil to the 
cylinders at the start of the test. In actual practice there is nor- 
mally some delay, and the advantage of a heavy oil in combatting 
corrosive wear may be partially offset by the greater delay in 
supplying oil to the cylinder walls. 

Polar Luhricatirig Oil Additives. Since wear is essentially a 
phenomenon resulting from friction, it might be expected that 
any polar agent capable of reducing friction under boundary 
conditions would simultaneously reduce wear. However, it has 
been shown that there is no correlation between friction and 
wear.”-** Some additives are effective in reducing friction but 
have little effect upon wear, while others reduce wear but have 
little effect upon friction. As Beeck has pointed out,* the lack of 
correlation is probably due to the fact that wear takes place mo- 
mentarily at isolated spots, whereas friction as normally measured 
is an average for a larger area and a longer time interval. 

Larsen and Perry*® showed in tests in the four-ball apparatus 
that acids, e.g., oleic acid, reduce friction but may have relatively 
little effect upon rate of wear. The latter observation is consistent 
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with the observation of Williams** that the addition of oleic or 
palmitic acid to an oil has little effect upon cylinder and piston 
ring wear in an engine subjected to conditions favoring abrasive 
wear. Williams showed, however, that the addition of these Hama 
acids to a white oil reduced corrosive wear. This would indicate 
that the effect of polar additives, like that of viscosity, is more 
important under corrosive than under abrasive wear conditions. 
Davis, Sibley, and Lincoln,** on the other hand, reported a reduc- 
tion in wear of about 50 per cent by the addition of methyldi- 
chlorostearate, both during starting tests, which would be con- 
ducive to corrosive wear, and during hot running, in which 
abrasive rather than corrosive wear woiild predominate. 

The addition of graphite to an oil will hkewise reduce the rate 
of corrosive wear. A marked reduction in piston ring and cylinder 
wear has been demonstrated for colloidal graphite added in one 
per cent concentration to an oil.*^ 

Chemical Polishing AgerUs in the Lubricant. As mentioned in 
Chapter 1, Beeck and co-workers*- ‘ - ‘ have shown that the action 
of certain antiwear agents can readily be explained by a nhftTning l 
polishing theory. They found that tricresyl phosphate, which is a 
well-known antiwear agent, is effective only on steel or other 
metals capable of reacting with the additive to form a lower melt- 
ing alloy. On gold and tungsten, tricresyl phosphate is ineffective. 
According to the chemical polishing theory a local “hot spot”, 
caused by friction, results in the reaction of the additive with 
the metal to form a lower-melting alloy which is deformed by 
plastic flow to allow a new distribution of the load. Certain com- 
poimds of arsenic and antimony behave in a manner aimilnT to 
that of tricresyl phosphate. Under the conditions used by Beeck, 
i.e., those of the four-ball apparatus, the better chemical polish- 
ing agents reduced the wear allowed by white oil by a factor of 
the order of 5 to 10. Polar compounds in white oil were found to 
be relatively ineffective under these conditions. However, com- 
binations of chemical polishing agents and polar compounds were 
about twice as effective as the former alone and twenty times as 
effective as the latter alone. 

EP Agents. EP agents prevent galling or scuffing under ex- 
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treme conditions of temperature and pressure. They do not pre- 
vent wear in the ordinary sense; in fact they ordinarily promote 
a certain degree of corrosive wear in order to be effective. A 
classification of the various types of EP lubricants and theories 
for the mechanism of their action are presented in Chapter 1. 

Fuel. The effect of various gasoline factors, including sulfm and 
tetraethyllead content, upon the wear of cylinders and piston 
rings has been studied in considerable detail by Williams, “ who 
used engines which had a bore and stroke of 85.5 mm and which 
were fitted with thermocouples for measuring cylinder wall tem- 
perature. He concluded that accelerated wear is caused by the 
presence of acid-bearing moisture which condenses on the cylinder 
walls when the engine is operated at low temperatures, particu- 
larly during the warm-up period. The acids which may be present 
include both organic and inorganic acids, e.g., carbonic and low 
molecular weight carboxylic acids such as formic and acetic, and 
acids of nitrogen, halogens, and sulfur. The organic acids are 
formed by combustion of the hydrocarbons comprising the bulk 
of the gasoline. The acids of nitrogen, halogens, and sulfur origi- 
nate, respectively, from nitrogen in the air, halides in the tetra- 
ethyllead fiuid, and sulfur compounds in the gasoline. Little, if 
any, control can be exercised over the fonnation of organic mids 
and the acids of nitrogen by altering the composition of the fuel. 
However, the formation of acids of sulfur and halogens can be 
influenced by changing the sulfur and halogen content of the fuel. 

The effect of fuel factors upon corrosive wear is closely asso- 
ciated with temperature. The effect of cylinder wall temperature 
upon cyhnder and ring wear is shown in Figures 21 and 22, which 
are based on Williams’ data. It will be observed that wear is 
very low and virtually constant at temperatures above 80 to 90°C, 
but increases sharply at lower temperatures. This is attributed to 
corrosive attack by dilute aqueous acids at temperatures low 
enough to allow their presence in the liq\ud state at the pressure 
prevailing in the cylinder. 

Sulfur, as shown in Figures 23 and 24 which are also based on 
Williams’ data, has an accelerating effect upon corrosive wear. 
The data for the 0.1 per cent sulfm fuel were not considered in 
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Figure 21. Cylinder Wear in Relation to Cylinder Wall Temperature. (Taken 
from Williama") 



Figure 22. Piston Ring Wear in Relation to Cylinder Wall Temperature. 
(Taken from Williams"; 

drawing the curves in these figures since their validity seems to 
be open to question. Cattaneo and Starkman** studied the effect 
of sulfur over a wider range, viz., 0 to 0.4 per cent, in the FL-2 
test, which is run in a Chevrolet engine at a jacket temperature 
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Figure 23. Cylinder Wear in Relation to the Bulfur Content of the Gasoline. 
(Taken from Williamfl^*) 

of 95®F (35®C), and found a linear relationship over the entire 
range. Their results, like the curves in Figures 23 and 24, indicate 
that wear is approximately doubled by increasing the sulfur con- 
tent from 0 to 0.1 per cent. 

On the basis of preliminary results by Williams shown in Fig- 
ures 25 and 26, the effect of tetraethyllead appears to be of a 
smaller order of magnitude than the effect of sulfur. However, 
Cattaneo and Starkman*' found a more serious effect. They found 
that the addition of tetraethyllead fluid in an average automotive 
concentration, which would be of the order of one to two cc/gal, 
approximately doubled the rate of wear. They showed, further, 
that the effect is caused by the halide scavenging agent rather 
than the tetraethyllead itself. Ethylene bromide in a concentra- 
tion corresponding to that present in an aviation gasoline con- 
taining 4.6 cc/gal of tetraethyllead caused an 8-fold increase in 
rate of wear. In the presence of the tetraethyllead the effect is 
leas, since most of the bromine combines with the lead rather 
than forming free hydrobromic acid. 

In diesel engines the effect of tetraethyllead fluid is absent, but 
the effect of sulfur can be quite serious since the average diesel 
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Figure 26 . Piston Ring Wear in Relation to the Tetraethyllead Content of 
the Gasoline. (Taken from Williams**; 

fuel contains much more sulfur than the average gasoline. The 
effect of the stdfur content of diesel fuels upon cylinder and ring 
wear in both high-speed and low-speed diesel engines has been 
studied by Broeze and Gravesteyn.® Their results, which are sum- 
marized in Figures 27 and 28, indicate that sulfur has a definitely 
detrimental effect in both types of engine. Similar studies have 
been reported by Cloud and Blackwood, “ whose conclusions on 
the effect of sulfur in high-speed engines, as summarized in Fig- 
ures 29 and 30, are in good agreement with those of Broeze and 
Gravesteyn. Cloud and Blackwood consider sulfur to be the most 
important fuel factor affecting wear in high-speed diesel engines. 
However, their results in low-speed engines differed from those 
of Broeze and Gravesteyn. The former investigators found no 
difference in wear from high or low sulfur fuel in this type of 
engine, while the latter found the effect shown in Figure 28. 

The effect of sulfur in high-speed diesel engines was attributed 
by Cloud and Blackwood*® to the presence of sulfur trioxide, since 
60 to 90 per cent of the sulfur in the fuel was shown to appear in 
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Figure 27. Effect of Sulfur Content of Fuel upon Cylindor Wear in High-speed 
Diesel Engines. (Taken from Broeze and Gravesteyn®) 


this form in the exhaust gas. These figures are in qualitative agree- 
ment with data reported by the Bureau of Mines, in which it was 
shoym that all the sulfur in a diesel fuel appears in the exhaust 
gas as sulfur dioxide or sulfur trioxide. The percentage of total 
sulfur appearing as the trioxide varied from 22 to 100 per cent, 
depending upon operating conditions. The trioxide predominated 
in most cases. More recent work reported by van dcr Zijden, van 
Hinte, and van den Ende*' indicates that these high values found 
for sulfur trioxide content may have been in error. It was shown 
in this work that sulfur dioxide in exhaust gas is readily oxidized 
to the trioxide during ordinary sampling and analysis. When 
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I SULFUR 

Figure 28. Effect of Sulfur Content of Fuel upon Total Piston and Cylinder 
Wear in Single Cylinder Low-speed Diesel Engine. (Wear factor — ratio of 
wear with investigated fuel to wear with reference fuel of 0.7% sulfur.) (Taken 
from Broeze and Gravesteyn*) 


special precautions were taken against oxidation, the sulfur tri- 
oxide content of the exhaust gases was found to be of the order 
of only a few per cent of the total sulfur. It is postulated*^ that 
the sulfur trioxide and sulfuric acid found in used engine oils are 
formed by oxidation of sulfur dioxide in the oil film rather than 
by direct combustion to the trioxide. 

Since sulfuric acid has a much higher boiling point than any 
of the other acids present in the cylinder after combustion of the 
fuel and since corrosive wear is associated with the presence of 
aqueous acids in the liquid state, the presence of sulfur trioxide, 
and hence sulfuric acid, even in low concentration, would be ex- 
pected to be particularly detrimental. Sulfur trioxide, in the pres- 
ence of water, not only serves as an acid anhydride which can 
combine with water to form a corrosive acid, but raises the dew 
point as well, so that in effect it broadens the range of temperature 
and pressure in which corrosion can occur. 
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Figure 29. Effect of Sulfur in Diesel Fuel upon Piston Ring Wear. (Taken from 
Cloud and Blackwood“l 

AVcaline Additives. One solution to the problem of corrosive 
attack by aqueous acids is the direct one of neutralizing the acids 
as they are formed. 'V^^Diams" mentioned the possibility of reduc- 
ing coiTosive wear by adding alkaline compounds to the fuel or 
lubricant, but did not publish any results. Cattaneo and Stark- 
naan'* studied wear in a diesel engine and found that the rate of 
wear which prevailed when a fuel containing one per cxint of sulfur 
was used could be markedly reduced by the incorporation of suit- 
able organic salts of calcium or sodium added to either the fuel 
or the lubricant or by lime pellets added to the crankcase. The 
alkaline compounds added to the fuel or lubricant in low concen- 
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Figure 30. Effect of Sulfur in Diesel Fuel upon Cylinder Wear. (Taken from 
Cloud and Blackwood^*) 

tration reduced the rate of wear by 60 per cent or more. The lime 
pellets were not quite as effective, but showed a significant in- 
fluence. Cattaneo and Starkman showed, further, that alkaline 
additives are effective in spark ignition engines as well as in 
diesels. 

Studies reported by Moody, Kune, and McArthur** indicated 
that friction rather than corrosion is primarily responsible for 
engine wear. However the work of Ellis and Edgar,*® Geniesse 
and Jackson,** and Palmer** all point to the importance of corro- 
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dve wear and the reduction in wear rate by the use of alkaline 
additives in the oil. 

Rust Prevention 

Machines or machine parts made from ferrous alloys other than 
stainless steels are subject to rusting unless precautions are taken 
against exposure to humid air. Mineral oils do not have good 
antirust properties, although they do offer some protection, and 
they must be fortified with appropriate additives if any marked 
degree of rust prevention is to be achieved. 

Antirust oils and coatings include the following principal types: 

(1) Oils VAed in huUe application. This type includes lubricating 
oils, e.g., steam turbine oil, which give protection against rusting 
induced by water which may enter the lubricating system. 

(2) Oil film mat preventives. Steel surfaces may be protected 
against rustmg for limited periods of time by the application of 
a suitable oil fOm, either by dipping or spraying. Rust preventives 
of this type have the advantage over heavier coatings in that 
they are more easily removed. 

(3) Semi-solid type coatings. If steel articles are to be stored for 
extended periods under severe conditions of humidity or exposed 
to the action of salt water, it may be necessary to apply a rust- 
preventive coating of heavier consistency. Such coatings may 
contain petrolatum, asphalt, or grease. They are usually applied 
in solution in a light hydrocarbon, which evaporates upon expo- 
sure to the atmosphere, or in a molten state at an elevated tem- 
perature. They afford a considerable degree of mechanical pro- 
tection which can be augmented by the incorporation of 
rust-preventive additives. They are intermediate between oil and 
paint in ease of removal. 

Laboratory tests have been developed for evaluating the rust- 
preventive characteristics of each of these three types of products. 
The ASTM* has a test for measuring the rust preventive proper- 
ties of steam turbine oil, which constitutes an important class of 
antirust oil used in bulk application. This test consists, briefly, of 
exposing a polished cylindrical steel specimen to an agitated mix- 
ture of ten volumes of oil and one volume of distilled water or 
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synthetic sea water. The test is run for 48 hours at 140°F. Un- 
doped mineral oils permit very rapid rusting in this test, while 
rust-inhibited turbine oils are required to leave the specimen en- 
tirely free from rust. 

Oil film rust preventives are commonly tested in a humidity 
cabinet.^ - A sand-blasted or polished steel specimen is dipped 
in the oil under test and allowed to drain imder prescribed condi- 
tions, after which it is exposed to a humidity of 100 per cent at 
100°F. Mineral oils allow rusting within a few hours under these 
conditions. The addition of suitable antirust agents to the oil 
delays rusting for a period of four hundred hours or more. 

Since the semi-solid coatings are intended for use under more 
severe conditions than those represented by the humidity cabinet 
test, they are subjected to a more severe test in which a coated 
steel specimen is exposed to a fog of salt water. This is known as 
the salt spray test.” Specifications for various grades require a 
protection against rusting for periods varying from a day to a 
month. 

Rust-preventive additives consist of polar compounds which 
are capable of being adsorbed at the metal-oil interface. As men- 
tioned in Chapter 1, compounds which form oleophobic adsorbed 
films are rust preventives by virtue of the fact that these films 
are also hydrophobic. Sellei and Lieber” have classified rust- 
preventive additives into the following general types of organic 
compounds: 

(1) Esters, e.g., sorbitan monooleate, butyl stearate, butyl 
naphthenate. 

(2) Nitrogen compounds, e.g., amines and amides. 

(3) Phosphorus compounds, e.g., esters of phosphorus acids. 

(4) Metal soaps, e.g., aluminum stearate. 

(5) Carboxylic acids, e.g., the dicarboxylic acids made by re- 
acting olefins with maleic anhydride. 

Most of these compounds are effective as rust preventives be- 
cause of their polarity, although some, notably the amines, may 
function partially through their ability to neutralize free acidity. 
Bamum, Larsen, and Wachter* studied the adsorption of polar 
additives from mineral oil solution. The adsorbent they used was 
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iron powder of known surface area. They foxmd that good rust 
inhibitors are strongly adsorbed as multilayers rather than mono- 
molecular fihns. Additives which were weakly adsorbed were in- 
effective as rust preventives. Hies, Cook, and Loane“ studied 
monolayers of various rust preventives and concluded that maxi- 
mum effectiveness is associated with close-packed fihns which are 
formed quickly and held tightly. 

Pilz and Farley" studied the mechanism of rust prevention and 
found that strength and extent of orientation at the metal-oil 
interface is indicated, indirectly, by the extent to which water 
spreads on the oil. The contact angle formed by a droplet of water 
on an oil film is therefore a measure of the rust preventive proper- 
ties of the oil. Oils upon which water formed a contact angle of 
70“ or greater were found to permit rusting within 24 hours in 
the humidity cabinet. Those which showed angles of 6 to 10“, on 
the other hand, did not allow rusting imtil about 400 hours had 
elapsed. Oils of intermediate contact angles gave intermediate 
performance in the humidity cabinet. Pilz and Farley point out 
the fact that the contact angle method for evaluating rust pre- 
ventives must be used with discretion, since the correlation with 
life in the humidity cabinet fails when the polar additive present 
is readily leached from the oil by water or when the additive is 
present in excessive concentration (greater than about 10 per 
cent). 

Metal salts of mahogany sulfonic acids (alkyl benzene sulfonic 
acids) are often used as rust preventives. Fisch, Messsina, and 
Gisser** found that the most effective sulfonates in the humidity 
cabinet test have an equivalent weight of approximately .550. 
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Chapter 8 


MANUFAaURING METHODS 


Introduction 

The average production of lubricating oils in the United States 
in 1967 was approximately 153,000 barrels per day.* Fractions 
derived from petroleum are the major components of most lubri- 
cating oils. In many instances they serve as the sole components, 
although the trend is toward the incorporation of one or more 
specific addition agents or “additives.” These addition agents are 
usually synthetic organic compoxmds. 

Lubricants other than mineral oils are sometimes used. These 
are in some instances synthetic compoimds and in others naturally 
occurring products obtained from a source other than petroleum. 
Since petroleum lubricants are relatively inexpensive, the non- 
petroleum products find a use only where petroleum is scarce or 
in special applications where certain properties, e.g., very low 
pour point and very fiat viscosity-temperature curve, are desired 
which are either lacking or present in insufficient degree in min- 
eral oils. 

Composition of Mineral Oil Base Stocks 

Crude petroleum consists of a very complex mixture of hydro- 
carbons plus minor amounts of other organic compounds, chiefly 
those containing oxygen, sulfur, or nitrogen. The hydrocarbons 
vary in molecular size from methane to compounds of such high 
molecular weight and low volatility that they cannot be distilled 
even under high vacuum. They vary in structure from normal 
paraffins to condensed-ring aromatics with alkyl side-chains. The 
distribution of the various molecular sizes and types, and hence 
the amount of potential lubricating oil present in a given crude 
oil, varies widely with the source of the crude. Some crudes con- 
sist predominantly of gasoline and naphthas and others contain 
asphalt as the principal constituent. Still others contain lubricat- 
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ing oil distillate and residue as major components, together with 
gasoline, naphthas, gas oil, wax, and asphalt in varying percent- 
ages. 

The Bureau of Mines has worked out a routine method for 
analyzing crude oil.^*- "• •• It consists of the determination of 
specific gravity, viscosity, and sulfur, and a distillation. The latter 
is started at atmospheric pressure. Cuts are taken at 25®C inter- 
vals from 50 to 275“C. The distillation is then continued at a 
pressure of 40 mm of mercury and cuts are taken at 25°C intervals 
from 200 to 300°C. Volume and specific gravity are deter- 
mined on all fractions and on the residuum. Viscosity is deter- 
mined on the distillate samples taken at 40 mm pressure. Frac- 
tions boiling below 200‘’C at atmospheric pressure and having 
specific gravities of 40“ API (specific gravity 0.826) or lighter are 
classified as “gasoline and naphthas.” Fractions boiling between 
200 and 276“C and having gravities of 40“ API or lighter are 
classified as “kerosene.” Fractions heavier than 40“ API and with 
a viscosity less than 50 seconds Saybolt Universal at 100“F are 
termed “gas oil” distillate. Fractions more viscous than 50 sec- 
onds Saybolt at 100“F are defined as “lubricating oil distillate.” 

Analysis of 215 selected samples of representative crude oils, 
all from the United States, shows sulfur content ranging from 
less than 0.17 per cent to more than 4 per cent; gasoline and 
naphtha from 0 to 90.4 per cent; kerosene from 0 to 26.0 per cent; 
gas oil from 0 to 50.7 per cent; lubricating oil distillate from 0 to 
39.2 per cent; and residuum from 1.2 per cent to 53.7 per cent.*’ 

The high molecular weight and complexity of lubricating oil 
make separation into pure compounds virtually impossible. Ros- 
sini and his co-workers®* at the National Bureau of Standards 
have made an extensive study of the composition of the lubricat- 
ing oil fraction of a Mid-Continent crude. This particular sample 
contained 14.5 per cent lubricating oil distillate and 12.7 per cent 
residuum by the Bureau of Mines method. Sixteen narrow distil- 
late fractions in the lubricating oil range, constituting 10 per cent 
of the crude, were used in this study. Separations were made by 
various physical means including fractional distillation under high 
vacuum, crystallization (dewaxing), liquid-liquid extrac^tion, and 
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adsorption on silica gel. The individual fractions were then ana- 
lyzed. It was concluded that this particular lubricating oil frac- 
tion contained the following distribution of molecules: 

(1) 43-51 per cent of 1, 2, or 3 naphthenic rings with paraffinic 
side chains. 

(2) 8.3 per cent of 1, 2, or 3 naphthenic rings and 1 aromatic 
ring with paraffinic side chains. 

(3) 8.1 per cent of 2 naphthenic rings and 2 condensed aromatic 
rings with paraffinic side chains. 

(4) 6.6 per cent of 1 naphthenic ring and 3 condensed aromatic 
rings with paraffinic side chains. 

(5) 18 to 20 per cent of normal paraffins plus possibly some 
isoparaffins. 

(6) 8 per cent asphaltic constituents. 

The absence of isoparaffins is somewhat surprising in view of 
the fact that this class of hydrocarbon does occur in the lighter 
fractions of petroleum, e.g., gasoline. It has been confirmed by 
Miiller and Neyman-Pilat,^ who made a study of the composition 
of two paraffinic lubricating oils, one of Pennsylvanian and the 
other of PoUsh origin. Both of these oils were shown to be vir- 
tually free from isoparaffins. However, Mair and Rossini" later 
made a more detailed study of the G25 to C35 fraction of the 
same Mid-Continent crude and found the following composition: 


% 

n-paraffina 13.9 

isoparaffins 8.3 

monocycloparaffins 18 . 4 

dicycloparaffina 9.9 

tri- and polycycloparaffins 16.4 

mononuclear aromatics with cycloparaffinio rings 10.6 

dinuclear “ “ “ ** 8.1 

trinuclear ‘‘ “ “ “ 6.6 

polynuclear aromatics 8.0 


Vlugter, Waterman, and van Westen'* have worked out an 
analytical method, often referred to as the Waterman analysis, 
for determining the concentration of aromatic rings, naphthenic 
rings, and paraffins (free paraffins and paraffinic side-chains) in 
petroleum fractions in the lubricating oil range. Originally the 
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method consisted of a determination of aromatics by a quantita- 
tive catalytic hydrogenation and a subsequent determination of 
para£Bns in the hydrogenated oil from the molecular weight and 
the specific refraction. Aromatics were calculated from the quan- 
tity of hydrogen consumed and the naphthenes initially present 
were determined by difference. It was subsequently found that 
the specific refraction of the hydrogenated oil could be predicted 
from the properties of the original oil and its aniline point.* The 
latter value, together with molecular weight, also pernuts the 
calculation of aromatic content. Thus the distribution of aro- 
matic rings, naphthene rings, and paraffins or paraffinic side 
chains can be calculated from the following experimentally deter- 
mined phymcal constants: (1) density, (2) refractive index, (3) 
molecular weight, (4) aniline point. 

Several modified “ring analysis’’ methods have been published. 
The ndM method of van Nes and van Westen,** based on refrac- 
tive index, density, and molecular weight, is probably the best 
known. However, Hersh et oZ.** have described a method based 
on molecular weight and refractive index, and Cornelissen and 
Waterman^* developed one based on kinematic viscosity, refrac- 
tive index, and density. 

Thermal diffusion has been shown by Jones** to be a useful 
tool in the separation and analysis of lubricating oil. Jones sep- 
arated a paraffinic lubricating oil distillate into ten fractions by 
this technique. There was little variation in the molecular 
weight or volatility of the various fractions, but a big difference 
in viscosity, Viscosity Index, and refractive index. Thus separation 
is essentially by molecular type rather than molecular size. Frac- 
tion 3, for example, had a viscosity of 75 Saybolt Universal sec- 
onds at 100°F, and a Viscosity Index of -1-159. The corre- 
sponding values for Fraction 10 were 15,680 and — 196. 

Various spectrometric methods are also used in the analysis of 
lubricating oils. Infrared-, ultraviolet-, Raman-, and mass spec- 
trometry have all been applied, as has nuclear magnetic reso- 
nance.'** 

* Lowest temperature at which a mixture of e(iual volumes of aniline and sam- 
ple form a single phase. 
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Refining 

The refining of lubricating oil usually involves several steps, 
each designed to remove certain imdesirable components. Some 
refining methods are chemical, while others are purely physical. 
The physical methods include distillation, solvent precipitation, 
solvent extraction, crystallization, and adsorption. Of the chemi- 
cal methods of refining, treatment with sulfuric acid is by far 
the most common. Others include hydrogenation and treatment 
with aluminiim chloride. 

Distillation. Distillation is commonly employed to remove 
components which are of too low molecular weight to be included 
in lubricating oil. The presence of such components reduces the 
viscosity and the flash point. Another purpose of distillation is to 
separate lubricating oil fractions into narrower fractions in order 
to provide products of varying viscosity grades. Both distillate 
fractions and residues are used as lubricants. In addition, distilla- 
tion is often used to separate lubricating oil from asphaltic con- 
stituents, which must be removed to avoid interference in subse- 
quent refining steps. In this operation the distillate is converted 
into lubricating oils and the residue into asphalt. 

Except for certain very light grades, lubricating oil cannot be 
distilled at atmospheric pressure, for the boiling ranges correspond 
to temperatures at which cracking occurs at an appreciable rate. 
Cracking during distillation is highly undesirable, not only be- 
cause it converts potential lubricating oil to more volatile and 
less valuable products, but because of the adverse effect the pres- 
ence of small concentrations of cracked material has upon the 
quality, notably oxidation stability, of the lubricating oil. In the 
commercial distillation of lubricating oil the temperature is kept 
at as low a level as practical by the use of vacuum or steam or 
both. Some cracking may occur even under these conditions. 
Brown and Tannich* showed that lubricating oil made in the 
laboratory by distillation under high vacuum and at a low tem- 
perature in a “molecular still” is much more stable toward dis- 
coloration in storage than that produced from the same starting 
material in plant distillation. They attribute the greater stability 
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of the laboratory product to the absence of decomposition prod- 
ucts formed by severe distillation. 

Solvent Precipitation or Deasphalting. High molecular weight 
components of a resinous and asphaltic nature cannot be tolerated 
in a finished lubricating oil, since they cause excessive sludging 
in service. They also have a serious adverse effect upon color and 
carbon residue. As mentioned above, these components may be 
removed by distillation, in which case the distillate fractions, or 
“neutrals,” are used as lubricating oil and the residue is used as a 
component of asphalt. This method of deasphalting has the dis- 
advantage that it does not produce a residual lubricating oil, or 
“bright stock.” Bright stocks are valuable and necessary com- 
ponents in the heavier grades of lubricating oil. 

When a mixture of lubricating oil and asphalt is diluted with a 
li ght hydrocarbon such as propane at room temperature or higher, 
a phase separation occurs.* •• Oil and any wax present in the oil 
remain dissolved in the propane, which is liquid at the pressure 
employed, while the heavier asphalt and resins precipitate in the 
form of a viscous liquid. The separation is primarily according to 
molecular size rather than type. The two layers, which separate 
quite readily, are led to separate distillation systems for the re- 
moval of propane and the production of bright stock and asphalt. 

Solvent Extraction.' . « . «o . «• . ai . «« After resins and asphalt are re- 
moved, the remaining oil is in general still not satisfactory as a 
lubricant. Most crudes contain sufficient aromatics in the lubri- 
cating oil range to cause excessive sludging and carbonization 
during high temperature operation and to affect the viscosity- 
temperature slope adversely. Furthermore, most oils contain wax, 
which seriously affects the low temperature flow characteristics 
of the oil. Thus, further refining steps are necessary. 

If the oil, which consists of paraffinic, naphthenic, and aro- 
matic constituents, is mixed with an appropriate polar solvent, a 
phase separation can be effected. The paraffinic and naphthenic 
constituents concentrate in the upper, or raffinate, phase, and 
the aromatic constituents in the lower, or extract, phase. The 
solvent, while present in both phases, is concentrated in the lower. 
The separated phases are subjected to distillation in separate 
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Bystems for the recovery of solvent and the production of raffinate 
(extracted oil) and extract. In plant practice several stages of 
extraction are normally used, either through multiple batch 
operation or through countercurrent flow in multiple chambers 
or in packed towers. The rotary disk contactor is a recently devel- 
oped device for effecting solvent extraction.*® It consists of a 
vertical cylindrical shell divided into compartments by a series of 
stator rings. A disk supported by a rotating shaft is centered in 
each compartment. The rotary disk contactor is simple in con- 
struction and is capable of high volumetric efficiency. 

Extraction with liquid sulfur dioxide (Edeleanu process) is the 
oldest solvent refining method in the petroleum industry. It is 
particularly weU-smted for the extraction of light distillates. The 
Duo-Sol, the furfural, and the phenol processes constitute the 
principal extraction methods in general commercial use in the 
refining of lubricating oils. The Duo-Sol process, as the name 
implies, uses two solvents, namely, propane and mixed cresols. 
It is peculiarly suitable for refining residual oils containing as- 
phalt. Such oils can be processed directly without a preliminary 
deasphalting step. The process can be used for extracting distil- 
late oils as well. 

Lillard, Jones, and Anderson*® studied the distribution of five 
hydrocarbon types in the feed to an extraction process and in 
the raffinate and extract. Their results on a Mid-Continent oil 
were as follows: 



Feed 

Raffinate 

Extract 

Alkyl single'ring naphthenes 

60% 

69% 

21% 

Alkyl two-ring naphthenes 

10 

11 

0 

Alkyl single-ring aromatios 

8 

7 

10 

Alkyl two-ring aromatics 

12 

13 

14 

Alkyl three-ring aromatics and higher 

10 

0 

46 


It wall be observed that this particular extraction process was 
particularly selective for the poly-aromatics, since all of this type 
of hydrocarbon was found in the extract. The other principal 
effect of the process was the concentration of single ring naph- 
thenes in the raffinate. The process was relatively ineffective in 
separating the other three classes of compounds. 
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A convenient and useful physical property for following the 
course of solvent extraction is the specific dispersion," which is 
defined as the difference in specific refraction for two spectral 
lines. The specific dispersion for all paraffins and naphthenes is 
approximately the same, whereas it is much higher for aromatics. 
The value, in the case of aromatics, increases with the number 
of aromatic rings in the molecule. Molecules containing both aro- 
matic and naphthenic and/or paraffinic groups have intermediate 
values. Lubricating oils produced from different crudes but ex- 
tracted to a constant aromatic content have specific dispersion 
values which are approximately equal, while other properties 
which are sometimes used to follow the course of extraction, such 
as Viscosity Index, refractive index, and aniline point, show a 
considerable spread, since they vary with molecular weight and/or 
paraffin-naphthene ratio as well as with aromatic content. 

Crystallization or Dewaxing.*'* Wax, which consists of a mixture 
of normal paraffins and other hydrocarbons of high melting point 
and low solubility in oil at low temperatures, interferes with the 
flow of a lubricant at low temperatures. It cannot, therefore, be 
tolerated except in low concentration in a finished lubricant unless 
the oil is to be used under conditions in which low temperatures 
are not encountered, e.g., indoors or in tropical climates. 

Dewaxing processes consist of chilling to effect a separation of 
the wax. An oil can be dewaxed simply by chilling to bring about 
a phase separation, followed by removal of precipitated wax, 
usually by means of a filter press. This process is still used com- 
mercially for processing hght fractions. The commercial trend, 
however, is toward solvent dewaxing, in which the oil is diluted 
prior to chilling. Dilution renders the mixture less viscous at the 
temperatures employed, which are in the region of — 20°F, and 
reduces entrainment of oU in the wax cake in the subsequent 
filtration or centrifuging step, thus enhancing the yield of de- 
waxed oil. The solvent is chosen on the basis of its low solvency 
for wax and high solvency for oil, as well as factors of economic 
importance such as initial cost and ease of distillation for the 
recovery of solvent. Propane and mixtures of methyl ethyl ketone 
and benzene find preponderant commercial use. Ethylene chloride, 
trichloroethylene, and naphtha are used to a lesser extent. 
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The pour point of the dewaxed oil is determined by the condi- 
tions of dewaxing, notably the temperature and solvent used. 
Dewaxing to an extremely low pour point is not justified except 
in special instances, since very low temperatures must be used 
and since the loss in yield of oil is high. The viscosity-tempera- 
ture slope of the dewaxed product is normally steei)er than that 
of the raw oil, since wax has a relatively flat viscosity-temperature 
curve. This factor is an additional reason for dewaxing only as 
deeply as necessary. 

Treatment with Chemical Reagents.** Sulfuric acid treatment 
is one of the oldest processes in the petroleum industry. It con- 
sists, briefly, of agitating the oil with concentrated sulfuric acid, 
separating the oil from the acid sludge by settling or centrifuging, 
and finally removing oil-soluble acid reaction products by wash- 
ing with aqueous caustic soda or by adsorption on clay. In the 
case of highly viscous oils, dilution with naphtha or propane may 
be used to facilitate sludge separation. 

The action of sulfuric acid is both physical and chemical, al- 
though the latter effects usually predominate. The components 
removed by sulfuric acid are in general the same as those removed 
by solvent extraction. Since solvent extraction offers many opera- 
tional advantages over acid treatment, it has to a large degree 
supplanted the older method of refining. 

Aluminum chloride may be used in place of sulfuric acid for 
treating lubricating oil.'* Its commercial use, compared to that 
of sulfuric acid, is limited. 

Adsorption.'*' " When an oil is treated with an adsorptive solid, 
certain impurities are removed. The adsorbent may be applied 
either by means of percolation, in which the oil, preheated to the 
extent necessary for adequate flow, is passed slowly through a 
tower filled with granular adsorbent; or by a “contact” method, 
in which a more finely divided adsorbent is agitated with the oil 
and then removed by filtration. Various clays, either in their 
natural state or treated chemically, are commonly used as ad- 
sorbents, although others may be employed. Clay used in the 
percolation method is easily regenerated by burning. Spent con- 
tact clays do not lend themselves to ready recovery and are gen- 
erally discarded, 
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various purposes, and a mixture of sea-mud and potassium soaps 
as axle grease. Vegetable oils, including olive, rapeseed, castor, 
and cottonseed oils may be used as crankcase lubricants but are 
inferior to mineral oils with respect to the deposition of sludge 
and lacquer.^' •• “ 

Synthetic Hydrocarbons. The amotmt of research that has been 
done on synthetic oils is illustrated in a bibliography published 
in 1945 which lists 205 literature references and 370 patents.** 
Many additional papers and patents have appeared since the 
compilation of that bibliography. 

The polymerization of olefins constitutes one of the most widely 
studied means of synthesizing lubricating oil. Sullivan, Voorhees, 
Neeley, and Shankland** have prepared lubricating oil by the 
polymerization of various olefins with aluminum chloride as cata- 
lyst. They found that products made from straight-chain olefins 
of high molecular weight, e.g., cetene or cracked wax olefins, had 
much flatter viscosity-temperature curves (higher Viscosity In- 
dex) than those made from branched olefins or those of low molec- 
ular weight, e.g., trimethyl ethylene, ethylene. Cyclic olefins, e.g., 
turpentine, give products of very low Viscosity Index. These re- 
sults are consistent with the known effects of structure of viscos- 
ity-temperature relationships which are discussed in Chapter 2, 
i.e., steep viscosity-temperature curves are associated with cyclic 
or highly branched structures whereas flat curves are associated 
with long paraffinic chains. 

Lubricating oils made by the polymerization of olefins do not 
form insoluble oxidation products (sludge) when heated in the 
presence of air." This is because they do not contain aromatics.* 
The oxidation products are of an. acidic nature and are soluble 
in the oil. The stability of olefin polymers against acid-formation 
may be increased by hydrogenation.*®- ®* 

Synthetic oils of the olefin-polymer type may be made from 
coal by utilizing the Fischer-Tropsch process^*- ’*■ *® in which 
carbon monoxide and hydrogen, which are produced from coal 
via the water-gas reaction, are converted to a mixture of olefinic 
and paraffinic hydrocarbons. Lubricating oils may be made by 

♦ The effect of composition of an oil upon the nature of its oxidation products 
is discuased in Chapter 3. 
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polymerizmg these olefiixs. Alumiaxun chloride or other metal 
halides are usually employed as catalyst in. this reaction. Other 
catalysts include sulfuric acid and clay. The reaction can even 
be accomplished in the absence of catalyst by naiTig electrical 
charges of high voltage and high frequency (the Voltol process), 
alpha or beta rays, x-rays, ultraviolet rays, or heat and pressure.” 
Seger, Doherty, and Sachanen** reported good yields of high 
quality product by the noncatalytic of normal olefins. For exam- 
ple, normal 1-decene yielded 64 per cent of a product having a 
Viscosity Index of 142 and a pour point of — 5"F. 

Synthetic oil may also be made by reacting an olefin mth an 
aromatic. This may be accomplished by chlorinating the olefin, 
e.g., a Fischer-Tropsch “gas-oil”, or “Kogasin”, and allowing the 
chlorinated olefin to react with an aromatic, e.g., xylene, by the 
Friedel-Crafts reaction. Coke oven tar and coke oven gas have 
been mentioned as starting materials in the manufacture of lubri- 
cating oils of this type.” Products made by alkylating condensed 
ring aromatics such as naphthalene, phenanthrene, fluorene, py- 
rene, chrysene, and anthracene with an alpha olefin, e.g., 1-hep- 
tene or 1-dodecene, have also been claimed to be stable lubri- 
cants.” 

The manufacture of synthetic oils was of vital importance to 
the German war effort in World War II.”- Approximately one 
tenth of the lubricating oil produced in Germany during that 
period was made synthetically. Half of the synthetic oil produced 
was for aviation use, and the volumes of synthetic lubricant and 
petroleum oil used in aviation were approximately equal. Most of 
the synthetic oil for this use was made by the polymerization of 
olefins. One of the larger plants used ethylene as a starting mate- 
rial and the others used higher olefins produced by cracking 
Fischer-Tropsch gas oil, or wax or natural wax, or sweat oil ob- 
tained in wax manufacture. The German olefin polymer lubricants 
had certain outstanding properties. Most of them had Viscosity 
Index values greater than 100 and pour points well below 0®F. 
One ethylene polymer was reported to have a Viscosity Index 
greater than 140 and a pour point lower than — 100°F.” Murphy 
and Saunders” made a thorough analysis and study of three 
different viscosity grades of German polyethylene oils. The light- 
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eat grade had a Viscosity Index of 96 and a pour point of — 86°F. 
The heavier grades had Viscosity Index values of about 110 and 
pour points of —10 and — 20°F. Ultraviolet and infrared absorp- 
tion spectra analysis of the oils indicated that they are chainlike 
hydrocarbons with occasional double bonds and with a few 
branched chains, most of which are methyl groups. Oxidation 
studies and engine tests showed the oxidation stability to be poor 
in comparison to that of petroleum lubricants. This is not sm- 
prising in view of the effect of olefinic imsaturation on oxidation 
stability indicated in Chapter 3. However, the polyethylene oils 
showed a good response to certain antioxidants. 

Synthetic Nonl^drocarbons. In addition to the synthetic hydro- 
carbon lubricants described above, four different types of non- 
hydrocarbon lubricants have been developed in recent years. 
These are silicones, polyalkylene glycols, diesters, and fluorocar- 
bons. All are more exi)ensive than mineral oils, but for special 
applications the added cost is often justifled. 

“ The silicones derive their name 
from the similarity between their empirical formula, R»SiO, to 
that of ketones. Actually the structures of silicones and ketones 
differ markedly. The latter are simple molecules, 

0 

II 

R — C — ^R; 

the former are polymers. 


r R 



Silicones may be made by the hydrolysis of dialkyl dichloro sil- 
anes, SiClaR 2 , which are in tiom made either through the Grig- 
nard reaction: 

2RMgCl + SiCl* -+ RsSiCl, -f 2MgCU 
or by the direct action of silicon on an alkyl halide: 

SiO] -f- 2C Si "I" 2CO 

Si + 2RC1 RaSiClj 
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Properties of the polymer may be varied by nhanging the R 
group or by changing the chain, length. The commercially avail- 
able silicones have been classified into the following four groups 
according to their properties: varnishes and resins, rubbers, 
greases, and fluids. 

The silicones are, in general, characterized by a high stability 
and low volatility. The fluids have low freezing points and very 
flat viscosity temperature curves. They are virtually insoluble in 
mineral oil. They are used as hydrauhc fluids and liquid dielec- 
trics. Both the heavy fluids and the greases are used as lubricants 
for special applications. The greases, in addition to having the 
characteristics mentioned above, retain their grease structure over 
a wide temperature range. 

Polyalkylene Glycols.*'^’ “• “• “ The polyaUcylene glycols 
have several unique properties which reconunend them as lubri- 
cating oil. They have viscosity-temperature curves which, while 
considerably steeper than those of the sihcones, are flatter than 
those of mineral oils. They are only partially miscible with most 
mineral oils at room temperatures, but become completely misci- 
ble at elevated temperatures. 

PolyaJkylene glycols are claimed to form volatile oxidation 
products rather than insoluble sludge and to have the ability to 
dissolve or peptize sludge formed by the oxidation of hydrocar- 
bons. Internal combustion engines operated on these lubricants 
should, therefore, remain relatively free from deposits, since no 
deposits are formed by the lubricant and since sludge formed by 
the fuel remains dissolved or suspended in the oil. Polyalkylene 
glycols exhibit good cold-starting characteristics since they have 
low pour points and relatively low viscosities at low temperatures. 

2>icsiers.*' n . « . 2*. « A large niimber of esters of dibasic 

acids, e.g., phthalic, adipic, and sebacic, have been examined as 
light lubricating oil. Di-2-ethyl hexyl sebacate, 

0 0 

CH8-(CHj)!i-CH-CH*-0-C-(CH*)b-C-0-CH2-CH-(CH,),-CH,, 

AsH, AjHs 

is probably the best-known member of this class. It has a viscos- 
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ity temperature slope comparable to those of the polyalkyleae 
glycols. It has a very low freezing point and a low volatility. Its 
viscosity is that of a very light lubricating oil. This combination 
of properties makes this compound weU suited for use as an in- 
strument oil, e.g., for use in aircraft. Its oxidation stability, like 
that of hydrocarbon ode, can be increased by the use of anti- 
oxidants. Phenothiazine is particularly effective, and aJkyl sele- 
nides, phenyl-aJpha-naphthylamine, and beta-conidendrin are also 
good oxidation inhibitors for this diester.^^ 

Diesters were used extensively as gun oils, aviation hydraulic 
fluids, etc., by the Grennans during World War II.” Since sebacic 
acid was not available, the diesters were manufactured from adipic 
and methyl adipic acids, made from phenol and cresol, respec- 
tively. The alcohols used included cyclohexanol, p-methyl cyclo- 
hexanol, and a mixtiue known as isobutyl oils which consisted 
of branched-chain alcohols from Cg to Cm and which was obtained 
from the methanol sjmthesis. 

Unlike the silicones and the polyalkylene glycols, the diesters 
are in general completely miscible with mineral oils and may be 
blended with them if intermediate properties are desired. 

Esters of monobasic acids and polyhydric alcohols have also 
been investigated as lubricating oils. Barnes and Fainman^ found 
that the product made from Cg to Cm acids and either neopentyl 
glycol or pentaerythritol had good thermal stability, low freezing 
point, and high Viscosity Index. 

Fluorocarbons.**' ” Fluorocarbons can be made by fluorinat- 
ing hydrocarbons in the liquid phase with silver fluoride.” Their 
outstanding characteristic is their extreme stability. They are 
therefore suitable for applications involving very high tempera- 
tures, They cannot be used to good advantage over a wide tem- 
perature range, for their viscosity-temperature curves are exceed- 
ingly steep — ^much more so than those of lubricating oil of low 
Viscosity Index. 


Bibliography 

1. Aggarwal, J. S., and Verman, L. C., Bull, Indian Ind, Research Bur.^ No. J8. 
Pt. I., 6-26 (1940); Chem. Abstracts, 86, 5994 (1042). 



MANUFACTURING METHODS 


193 


2. American Petroleum Institute, Statistictd Bulletin No. 18, April 7, 1968. 

3. Atkins, C. D., Jr., BaJcer, H, R., Murphy, C. M., and Zisman, W. A., Ind, 

Eng, Ckem., 89, 491-7 (1047). 

4. Aries, R. S., and Sachs, A. P., Petroleum Refiner, 86, No. 5, 236 (1066). 

6. Auld, S. J. M., J. InaL Petroleum TechnoL, 22, 57-77 (1936). 

6. Balada, A., Petroleum Z., 88, No. 38, 1-8, No. 40, 1-8 (1937) ; Chem, Ahetracta, 

82, 3943 (1939). 

7. Barnes, R. S., and Fainman, M. Z., Lubrication Engineering, 18, 454r-8 (1967). 

8. Bried, E. M., Kidder, H. F., Murphy, C. M., and Zisman, W. A., Ind, Eng, 

Chem,, 89, 484r-91 (1947). 

9. Brown, 0. A., and Tannich, R. A., Oil Oaa J,, 86, No. 46, 80-2 (1038). 

10. Oagniant, P., Deluzarohe, A., and Colomb, M., Ann. Mines, 184, 466-72 

(1946); Chem, Abstracts, 40, 2286 (1946). 

11. Cohen, G., Murphy, C. M., O’Rear, J. G., and Ravner, H., Ind. Eng. Chem,, 

1766-76 (1963). 

12. Cornelissen, J., and Waterman, H. I., J. Inst, Petroleum, 48, 47-66 (1967). 

13. Currie, C. C., and Hommel, M. C., Ind. Eng. Chem,, 42, 2462-6 (1960). 

14. Currie, C. C., and Smith, B. F., Ind. Eng, Chem., 42, 2467-62 (1960). 

16. Dean, E. W., Hill, H. H., Smith, N. A. C., and Jacobs, W. A., U. S. Bur. Mines 
Bull,, No. 207 (1022). 

16. Dickinson, J. T., and Adams, N. R,, Oil Gas J., 44, No. 47, 186-200 (1946). 

17. Ellis, C., “Hydrogenation of Organic Substances”, p. 679, New York, D. Van 

Nostrand Co., 1030. 

18. Fischer, F., and Koch, H., Brennsioff Chem., 14, 463-8 (1933); Petroleum Re- 

finer, 28, 260-6 (1044). 

19. Fischer, F., Koch, H., and Wiedeking, K., (translated by E. J. Barth) Petro- 

leum Refiner, 23, 312-16 (1944). 

20. Gall, D., J, Soc. Chem, Ind,, 66, 186-0 (1946). 

21. Glavis, F. L., Ind. Eng, Chem., 42, 2441-6 (1950) . 

22. Glavis, F. L., and Stringer, H. R., A.S.T.M. Special Technical Publication 

No. 77, Symposium on Synthetic Lubricants (1947). 

23. Grant, G., and Currio, C. C., Mech, Eng,, 78, 311-16 (1951). 

24. Grosse, A. V., and Cady, G. H., Ind. Eng. Chem., 39, 367-74 (1947). 

26. Haslam, R. T., and Bauer, W. C., S.A.E. Journal, 28, 307-12 (1931). 

26. Hersh, R. E., Fenske, M. R., Booser, E. R., and Koch, E. F., J. Ir^t. Petroleum, 

36, 624-68 (1950). 

27. Horne, W. A., Ind, Eng, Chem,, 42 , 2428-36 (1060). 

28. Ivanov, K. I., and Blagova, T. A., J, Applied Chem. U.8.8,R,, 18, 158-71 

(1946); CAem. Abstracts, 39, 6443 (1946). 

29. Jones, A. L., Ind. Eng. Chem., 47, 212-16 (1956). 

30. Kalichevsky, V. A., “Modern Methods of Refining Lubricating Oil”, New 

York, Reinhold Publishing Corp., 1938. 

31. Kalichevsky, V. A., and Kobe, K. A., Petroleum Refiner, 82, June, 05-100, 

July, 119-22, August, 135-7 (1953). 

32. Kalichevsky, V. A., and Stagner, B. A., “Chemical Refining of Petroleum”, 

New York, Chemical Catalog Co., Inc. (Reinhold Publishing Corp.), 1933. 

33. Kauppi, T. A., and Pederson, W. W., Lubrication Eng., 2, 168-61 (1946) ; ibid., 

8, 17-19 (1947). 



194 


THE PERFORMANCE OF LUBRICATING OILS 


34. Klemgard, E. N., ''Lubricating Greases”, New York, Reinliold Publishing 
Corp., 1937. 

36. Krataner, J. 0., Green, D. H., and Williams, D. B., 8, A. E. Journal, 64, 228-37 
(1946). 

36. Kyropoulos, S., Refiner Natural Gaaoline JSf/r., 16, 131-6, 188-92 (1937). 

37. Lamoreaux, H. F., Lubrication Eng,, 12, 48^ (1966). 

38. Larsen, R. G., and Bondi, A., Ind. Eng, Chem,, 42, 2421-7 (1950). 

39. Lillard, J, 0., Jones, W. C., and Anderson, J. A., Ind, Eng, Chem,, 44, 2623-31 

(1962). 

40. Mair, B. L., and Rossini, F. D., ibid,, 47, 1062-8 (1966). 

41. Mair, B. L., Willingham, 0. G., and Streiff, A. J., J, Research Natl, Bur, 

Standards, 21, 566-607 (1938). 

42. miett, W. H., Ind, Eng, Chem,, 42, 2436-il (1960). 

43. Moreton, D. H., Lubrication Eng,, 10 , 66-73 (19^). 

44. MtlUer, J., and Neyman-Pilat, B., J, Inst, Petroleum Tech,, 23, 669-78 (1947). 

46. Murphy, C. M., Romans, J. B., and Zisman, W. A., Trarhs, Am, Soc. Mech, 

Engre,, 71, 661-74 (1949). 

46. Murphy, C. M., and Saunders, 0. E., Petroleum Refiner, 26, 479-84 (1947). 

47. Murphy, C. M., Saunders, C. E., and Smith, D. C., Ind, Eng, Chem., 42, 2462-8 

(1960). 

48. Powell, H., and Thomas, W. H., J, Inet, Petroleum, 44, 19-28 (1958). 

49. Pritzker, Q. G., Petroleum Proceeeing, 2, 205-8 (1947). 

60. Reman, G. H., and van de Vriase, J. G., Petroleum Refiner, 84, Sept. 129-^36 

(1966). 

61. Rochow, E. C., “Chemistry of the Silicones”, New York, John Wiley & Sons, 

Inc., 1946. 

62. Rossini, F. D., Proc, Am. Petroleum Inst., 10, 19th Ann. Meeting, Sec. Ill, 

99-113 (1938); Oil Qaa J., 37, 141-4, 146-7, 149-60, 152-3 (1938); Refiner 
Natural Oaeoline Mfr,, 17, 567-67 (1938). 

63. Russ, J. M., Lubrication Eng,, 2, 161-61 (1946). 

64. Russ, J. M., A.S.T.M. Special Technical Publication No. 77, Symposium on 

Synthetic Lubricants, 1947. 

55. Seger, F. M., Doherty, H. G., and Saohanen, A. N., Ind. Eng. Chem., 42, 
2446-62 (1960). 

66. Smith, N. A. C., Smith, H. M., Blade, O. C., and Garton, E. L., U.S. Bur. 

IVCnes Bull. No. 490 (1961). 

67. Struve, W. S., Benning, A. F., Downing, F. B., Lulek, R. N., and Wirth, W. 

V., Ind, Eng. Chem., 89, 352-4 (1947). 

58. Suida, H., and Hawa, J., Chem. Abetracte, 41, 6039 (1947). 

69. Sullivan, F. W., Voorheea, V., Neeley, A. W., and Shankland, R. V., Ind. 
Eng. Chem., 28, 604-11 (1931). 

60. Sweatt, C. H., and Langer, T. W., Mech, Eng, 78, 469-76 (1961). 

61. ter Meulen, H., J. Inst, Petroleum, 29, 237-52 (1943). 

62. Thepenier, P., Ind. papetihre, 20, 83, 86 (1941) ; Chem. Abstracts, 38, 4416 (1944) . 

63. “The Petroleum Data Book”, pp. F46-64, Dallas, Petroleum Engineering 

Publishing Co., 1947, 

64. Tomasi, L., Ann, combustibles liquides, 18, 419-45 (1938); Chem. Abstracts, 33, 

2693 (1939). 



MANUFACTVRINQ METHODS 


195 


66. van Nee, K., and van Weaten, H. A., Aspects of the Constitution of Minercd 
Oil I Elsevier Preasi Amsterdam, 1961. 

66. Vlugter, J. C., Waterman, H. I., and van Westen, H. A., J. Inat. Petroleum 

Tech., 21, 661-76 (1936). 

67. von Fuchs, G. H., and Ajoderson, A. P., Ind. Eng. Chem., 29, 819-25 (1037). 

68. Weil, B. H., Nat. Petroleum News, 87, No. 27, H612-22 (19^^) . 

69. Wiggins, W. R., and H^l, F. C., J. Inet. Petroleum Tech., 22, 78r-98 (L'136). 



26281 
540. 6 

FI.IISj, .^7 



AUTHOR INDEX 


Adam, N.K.,151 
Adama, N. E., 193 
Aggarwal, J. S., 192 
Albright, B. E., 116, 139 
Ambrose, H. A., 162 
Amner, J. W., 29, 43 
Anderson, A. A., 8, 19 
Anderson, A. P., 196 
Anderson, J. A., 183, 194 
Andrew, L. T., 18 
Aries, R. S., 1^ 

Aimfield, F. A., 69, 67, 68, 72, 73, 76, 77, 
81, 87, 107, 108, 112, 113 
Arveson, M. H., 27, 28, 29, 43 
Atkins, C, D., 193 
Auld, S,J. M., 193 

Babbitt,!., 90, 112 
Backoff, W. J.,139 
Baker, H. R., 193 
Baker,M.D.,46,86 
Balada, A., 193 
Baldwin, B. G., 139 
Ballard, E. 0., 140 
Balsbaugh, J. C., 48, 73, 86 
Barker, G. E., 18 
Barnard, D. F., 18, 24, 44, 45 
Barnard, E. F., 18 
Barnes, R. S., 102, 193 
Bamum, E. R., 1^, 174 
Bartleson, J. D., 84, 87 
Barton, C. H., 151 
Bauer, A. D., 36, 44 
Bauer, W. C., 193 
Baxter, J. P., 11, 18 

Beeck, 0., 6, 9, 10, 12, 18, 161, 162, 174, 176 

Beerbower, A., 44 

BeU,T,G.,36,44 

Bennett, H. T., 161 

Benning, A. F., 104 

Berger, L. B., 176 

Berglund, J. H., 36, 44 

Bergstrom, R. F., 139 

Berkman, B., 162 


Bigelow, W. 0., 17, 18 
Bikennan, J. J., 6, 18, 162 
Bitner, F. G., 19 

Blackwood, A. J., 118, 139, 167, 170, 171, 
176 

Blade, 0. C., 194 

Blagova, T. A., 193 

Blok, H., 6, 9, 16, 18 

Blott, J. F. T., 27, 29, 37, 43. 44 

Bode, E., 60, 86 

Boerlage, G. D., 166, 175 

Bondi, A., 194 

Booser, E. R., 76, 86, 193 

Bouman, C. A., 118, 189 

Bowden, F. P., 7, 13, 18 

Bowhay, E. J., 120, 123, 139 

Bowman, J. R., 19, 46, 87 

Bradbuiy, D., 43, 44 

Brady, A. P., 162 

Brasch, W., 91, 112 

Bray.U.B., 139 

BregiiS'kn,A., 112 

Bridgman, P. W., 42 

Bried, E. M., 193 

Broes e, J. J., 167, 168, 169, 176 

Brown, 0. A., 181, 193 

Bruce, C. S., 176 

Bruun, J. H., 62, 87 

Bulkley, R., 17, 18 

Burk, F. C., 176 

Burk, R. E., 98 

Burnham, H. D., 96, 96, 99, 113 
Burwell, A. W., 48, 86 
Burwell, J. T., 168, 176 
Byrkit, G. D., 19, 62, 80, 86 

Cady, G. H., 193 
Cngniant, P., 193 
Campbell, W. E., 176 
Cannon, M. R., ^ 

Cattaneo, A. G.. 160, 164, 166, 170, 171, 
176 

ChaiTon, F., 18 

Chavanne, G., 47, 60, 63, 68, 86, 87 


197 



AUTHOR INDEX 


198 

CShemoiLukoT, N. I, 68, 60, 72, 78, 77, 84, 
86 

Clark,F.M..70,86 

Clark, G.L., 19, 167,176 

Clayton, D., 19 

Clayton, J. 0., 128, 139 

Clayton, W., 144, 162 

Cloud, G, 118, 139, 167, 170, 171, 176 

Cohen, G., 86, 86, 193 

Colomb, M., 193 

Condit,P.C.,86,87 

Cook, H.D., 174, 176 

ComelisBen, J., 180, 193 

Corse, W. M., 112 

CoweU.A.T.,176 

Crowley, C. A., 19 

Croxton, P, 0., 87 

Currie, C. C., 193 

Danilovioh, A., 63, 86 

Danneiibrink, R. W., 40, 44 

Davey, W., 11, 19 

Davies, C.B.,108. 106,112 

Davis, G. H. B., 36, 36, 37, 44, 46 

Davis, L. L., 62, 80, 86, 107, 112, 162, 176 

Dawkins, A. E., 19 

Day, J. H., 102, 113 

Dayton, R. W., 163, 164, 176 

Dean, E. W., 36, 86, 37, 44, 193 

Delusarche, A., 193 

Denison, G. H., 49, 77, 78, 86, 86, 101, 102, 
112, 128, 139 

Diamond, H., 47, 67, 76, 76, 84, 87, 88, 162 
Dianina, T., 63, ^ 

Diokinson, J. T., 193 
Dloughy, G.,12,20, 113 
Doherty, H. G., 189, 194 
Domte, R. W., 49, 61, 62, 76, 84, 87 
Dow,R. B.,48, 44,46 
Downing, E. B., 109, 112, 194 
Duck,J. T.,176 
Dufraise, C., 83, 87 
Dupont, P,, 53t 
Dyson, A., 167, 176 

Edgar, J. A., 139, 171, 176 
Edlimd,K.R., 113, 140, 162 
Egerton, A. C., 79, 87 


E^off, G., 162 

Einstem, A., 30 

Elliott, M. A., 176 

Ellis, C., 193 

Ellis, J. C., 171, 176 

Evans, E. A., 19 

Evans, H. C., 39, 44 

Everett, H. A., 6, 19, 166, 167, 160, 176 

Exline, P. G., 19, 46, 87 

Faininan, M. Z., 192, 193 
Parley, F. P.,174,176 
Paust, O., 42, 43 
Paville, F. A., 19 

Penake, M. R., 40, 44, 48, 49, 62, 76, 80, 81, 
83, 86, 87, 193 
Ferguson, C. V., 87 
Pinch. G.I., 167, 176 
Pink,C.E.,44 
Fisch.K.R.. 174, 176 
Fischer, P., 193 
Fischl, F.B.,42,44 
Fleming, C. L., 41, 44 
Foreman, R. W., 42, 44 
Foulk, C. W., 148, 149, 160, 162 
Fox, H. W.,39,44 
Frame, A. P., 19 
Frank, R. S.,93, 112 
Frazier, D., 42, 44 
Frewing, J. J., 6, 7, 19 
Frey. D.R.. 113 
Frolich,P.K.,46.83, 87 
FuUer, J. H,, 109, 112 

Gall. D., 193 

Gamer, F. H., 103, 113 

Garten, E. L., 194 

Garton, F. L., 19 

Gates, V. A., 139 

Gavlin, G., 44 

Geddes, B. W., 44 

Geniease, J. C., 104, 112, 171, 176 

George, P., 48, 87 

Georgi, C. W., 41, 44, 87, 116, 117, 126, 133, 
138, 139 

Gersdorfer, 0., 93, 112 
Gilman, H., 78 
Gisser, H., 174, 176 



AXJTHOR INDEX 


Qivemsi, J. W., 6, 10, 12, 18, 19, 174, 176 

Qlaas, E., 17, 18 

Qlflvis, P. L., 193 

Godfrey, D., 176 

Golendeev, V. P., 06, 87 

Graham, A. K., 19 

Grant, G., 193 

Graveeteyn, B. J. J,, 166, 167, 168, 169, 
176 

Grebennikova, M. D., SB 
Green, D. H,, 194 
Gregoiy, J. N., 18 
Griffith, L.W., 107, 112 
Grim, G. B., 112 
Grosse, A. V., 193 
Gruee, W. A., 03, 87, 118, 139 

Hakala, N.V.,44, 139 
HaU, F. C., 196 
Ham, W. R., 46 
Hansen, J. E., 45 
Hanson, T. K., 79, 87 
BEardiman, E. W., 36, 37, 44 
Haskins, C. P., 87 
Haslam, R. T., 83, 87, 193 
Hatschek, E., 44 
BEawa, J., 194 
Heiks, R. E., 87 
Heldt, P. M., 96, 112 
Hemmingway, H. L., 139 
Hendricks, H. R., 107, 112 
Hennenhofer, J., 30, 44 
Herbolsheimer, G., 87 
Hersey, M. D., 19, 43, 44 
Hersh, R. E., 180, 193 

Hicks-Bruim, M. M., 62, 87 
Hill,H. H., 193 
HiUman, E. S., 107, 108, 112 
EUrschler, A. E., 36, 44 
Hirst, W., 7, 8, 19 
Hives, E. W.,92, 112 
Hock, H., 73, 87 
Hodgron, T. S., 139 
Holbrook, G. E., 109, 112 
Holtz, J. C., 176 
Hommel, M. C., 193 
Hopkins, R. F., 43, 44 
Home, W. A., 193 


Horowitz, H. H., 42, 44 
Hughes, E. C., 84, 87 
Hughes, T. P., 161 
Hull, D. E., 167, 176 
Hunsicker, H. Y., 93, 113 

Ivanov, K. I., 193 

Jackson, H. R., 167, 171, 176 
Jacobs, W. A., 193 
Jacoby, A. L., 160, 161, 162 
Jonaah, F. L., 119, 140 
Jones, A. L., 180, 193 
Jones, S. P., 44 
Jones, W. A., 62, 80, 86 
Jones, W. C., 183, 194 

Kalichevsky, V. A., 19, 87, 193 

Kauppi, T. A., 193 

Kavanagh, F. W., 167, 176 

Kaye, J., 168, 176 

KeUer, G. H., 166, 157, 176 

Kemmerer, BE. R., 19 

Kempf, L. W-, 93, 113 

Kennedy, H. C., 47, 87 

Kerridge, M., 19 

Kidder, H. P., 193 

King, E. 0., 19, 40, 87 

Kingsbury, A., 2, 19 

Kinoshita, M., 24, 44 

Kishline, F. P., 139 

Klaus, E. E., 40, 44 

Kleinschmidt, R. V., 43, 44 

Klemgord, E. N., 194 

Klingel, A. R., 42, 44 

Kobe, K. A., 193 

Koch, E. F., 87, 193 

Koch, H., 103 

Koenig, E. F., 120, 123, 139 

Kramer, W. E., 19, 46, 87 

Kratzner, J. C., 194 

Krein, S. E., 68, 60, 72, 73, 77, 84, 86 

Kroshkov, A. P., 66, 66, 88 

Kuhnol, R., 113 

Kune, J. F., 112, 113, 171, 175 

Kurtz, S. S., 44 

Kyropoulos, S., 19, 194 



200 


AUTHOR INDEX 


Lamb, G. G., 08 
Lamoreaiix, H. F., 104 
Lancaster, J. K., 7, 10 
Lang, S.. 73,87 
Langer, T. W., 104 
Langmuir, I., 8, 10 
Lapeyrouse, M., 44 

Larsen, R. G., 20, 47, 48, 60, 60, 61, 67, 68, 
72, 73, 74, 76, 77, 81, 87, 05, 06, 08, 107, 
108, 112, 113, 136, 140, 152, 161, 173, 
174, 176, 104 
Larson, C. M., 37, 44 
Lawson, N. D., 87 
Leben, L., 18 
Ledley, R. E., 62, 87 
Lemer, A. 64, 88 
Levkupolo, N., 63, 87 
Lieber, E., 173, 176 
Likbushin, X. P., 63, 87 
Lillard,J.C., 183, 104 
Lincoln, B. H., 19, 62, 80, 86, 167, 162, 175 
Livingstone, C. J., 118, 130 
Loane, 0. M,, 174, 176 
Lowe, R. E., 10 
Lulek, R. N., 104 
Lux, W. J., 03, 112 

MacGouU,N.,08 
Mair,B.L., 170, 104 
Malone, C. X., 42, 45 
Mansion, H. D., 10 
Mark, M., 43,44 
MarshaU, J. R., 161 
Martin, J. S., 10 
Mastin, T. W., 138, 140 
Masumyan, V., 63, 87 
Matthews, F. W. H., 90 
McArthur, D.S., 171, 175 
McCartney, J. S., 44 
McDonald, A. T., 131, 139 
McDowell, J. R., 176 
McKee, S. A., 19 
McKee, T. R., 19 
McLaughlin, E. J., 167, 176 
McNab, J. G., 132, 130 
Melhuii^, M., 01, 92, 93, 113 
Merchant, M. E., 19 
MerriU, D. R., 130 


Messina, J., 174, 176 
Mikita, J. J., 10 
Miller, A., 8, 10 

Miller, F. L., 10, 111, 112, 113, 139 
Miller, J. F., 162 
Miller,!. N., 140, 160, 162 
Miller, W. R., 176 
Millett, W. H., 194 
Moir, H. L., 139 
Moody, L. E., 130, 171, 176 
Moore, C. C., 130 
Moraweta, H., 84, 87 
Moreton, D. H., 104 
Morgan, F., 19 
Morgan, J. D., 10 

Mougey, H. C., 0, 10, 20, 98, 113, 114, 119, 
122. 120, 130 
Moureau, C., 83, 87 
Muller, J., 179, 194 
Murphy, C. M., 86. 87, 189, 193, 194 
Murrison, V. A., 19 
Muskut, M., 10 

Needs, S. J., 40, 44 
Neeley, A. W., 188, 194 
Neely, G. L., 139, 176 
Nelson, F. L., 139 
Nelson, H. R., 11, 12, 20 
Neyman-Pilat, E., 179, 194 
Nissan, A. H., 36, 37, 44 
Norton, A. E., 20 
Nutt. H.V., 131, 140 

Oak, P. T., 46 
O’Brien, J. W., 46 
Oncley, J. C., 48, 73, 86 
O’Rear, J. G., 86, 193 

Palmer, J. L., 171, 176 
Patberg, J. B., 44 
Pedersen, W. W., 193 
Perry, G. L.. 161, 176 
Peti'off, N., 2 
Petrov, G. S., 66, 87 
Pickett, B. C., 17, 18 
Pierce, A, R., 175 
Pierce, T. T., 11, 18 
Pigott, R. J. S., 106, 113 



AUTHOR INDEX 


201 


Pilger.A. C, Jr, 140 

Pila,G.P,ir4,176 

Piiiotti,P.L,16r,l76 

Plantfeber, J. M, 139 

Pliaov, A. K, 66, 87 

Poppinga, R, 168, 176 

Post, W. 8, 46 

Powell, H, 194 

Pritzker, G. G, 194 

Pnitton, C. F, 13, 20, 98, 103, 118 

Pugh, W. M, 162 

Raznaer, J. H, 38, 46 
Ravner, H, 86, 87, 193 
Raymond, L, 91, 97, 100, 106, 106, 118, 
139 

Reed, D. W, 19 
Reiff.O. M,83,88 
Reman, G. H, 194 
Reynolds, 0,3, 22 , 25 
Rice, W. W, 119, 140 
Rideal,E. K,48,87 
Ries, H. E, 174, 176 
Rita, B. L, 62, 87 
Robertson, A, 48, 87 
Robinson, J. V,, 152 
Rochow, E. C, 104 
Roduta, P. L, 64, 66, 72, 88 
Rogei-s, D. T, 119, 140 
Romans, J. B, 194 
Ross, S, 162 

Rossini, P. D, 178, 179, 194 
Rusk, R. A, 87 
Russ, J. M, 194 
Russell, H. W, 11, 12, 20 
Ryan, J. G, 100, 113 

Suchanen, A. N, 189, 194 
Sntilis, A. P, 193 
Samuel, D. L., 27, 44 
Saunders, C. E., 189, 194 
Snwj-or, D. W., 80, 88 
Schronck, H. H., 176 
Sohwaderer, W. C., 37, 44 
Scovill, W. B., 84, 87 
Soger, P. M., 189, 194 
Selby, T. W., 42, 46 
Sellei, H., 20, 173, 176 


S h anklan d, R. V., 188, 194 
8harp.D.H.,36,44 
Shoruigin, P. P, 66, 66, 88 
Sibley, B. E, 162, 176 
Simard, G. L., 11, 12. 20 
Smalheer, C. V, 138, 140 
Smart, 0. F., 100, 113 
Smith, A. E., 174 
Smith, B. P., 193 
Smith, D. C., 194 
Smith, P.L, 92 , 112 
Smith, H. G., 162 
Smith, H.M., 88, 194 
Smith, N. A. C, 193, 194 
Smith, N. L., 87 
Smith, W. M., 86 
Snow, C. I., 11, 18 
Snyder, G.H.S., 17 , 18 

Sproule, L. W., 44 
Stngner, B.A., 193 

Starkman, E. S., 160, 164, 166, 170, 171, 176 

Steiner, W. L., 19 

Sterrett, R. R, 19, 167, 175 

Stevens, D. R, 63, 87 

Stevens, H. N., 64, 65, 66, 68, 72, 88 

Stevenson, C. E., 87 

Streiff, A. J., 194 

Stringer, H. R, 193 

StiTive, W. S., 194 

Suida, H., 194 

SuUivnn, P. W., 188, 194 

Sweatt, C. H., 194 

Swem, D., 46 

Swift, H. W., 162 

Swire, E. A., 44 

Tabor, D., 18, 20 

Talley, S. K., 96, 96, 99, 113, 136, 140 

Tannieh, R. A., 181, 193 

Taylor, P. W., 39, 44 

tor Meulen, H., 194 

Tost, Ty, J., 176 

Thopenior, P, 194 

Thomas, B. W., 46 

Tliomns, W. H., 194 

Thoipc, R. E., 20. 69, 67, 68, 72, 73. 76, 77. 
87 

Tichvinsky, L. M., 94, 95, 113, 162 



202 


author index 


Took, G.,86 
Todd, F., 176 
Tomasi, L., 194 
Tower, B., 2 
Towle, 20 
TraTitmau, C. B., 161, 162 
Trillat, J.J.,20 
Tripa, R. 0., 42, 44 
Turnbull, D., 12, 20, 113 
Tutwiler, T. S., 42, 44 

Ubbelohde, L., 37 
Underwood, A. F., 113 


Van den Bnde, J. C., 108, 176 

van der Minne, J. L., 20 

van der Zijden, M. J •» 108, 170 

van deVriaae, J. G.,194 

vanHinte, J.E.,168, 170 

Van Home, W. L., 46 

van Nes, K*j 180, 196 

van Nymegen, D. W ., 168, 176 

vanWeBten,H.A.,179,180, 196 

Varlamov, V., 63, 88 

Vaaireva, 0. V., 66, 88 

Velikovskii, D. S., 30, 46, 64, 65, 88 

Vennan, L. C., 192 

Verver, C. G., 37, 44 

Vineall, G. J . G., 20 

Vlugter,J.C.,179,196 qq iru 

vorFuohB, G. H., 67, 75. 76. 84, 88, 104, 

113,140,162,196 
Voorbeea, V ., 188, 194 


Waohter, A., 173, 174 
Wallace, D. A., 176 
Walther, C., 32, 36 
Waaaon, J. I-, 20, 86, 88 


Waterman, H. I., 179, 180, 193, 196 

Waters, G. W., 96, 96, 99, 113 

Watkins, F. M., 131, 140 

Watson, R. A., 113 

Webb, J.L, 107, 112 

Webb.W. A., 96, 96, 113 

WeU,B.H.,196 

Weisel, C. A., 44 

Wendt, L. A., 139 

Wiedeking, K., 193 

Wiggins, W. R., 196 

Wilkin, R.B., 46 

Willey, A. 0., 98 

Willi, A. B., 113 

Williams, C. G., 166, 160, 161, 162, 163, 164, 
166, 166, 167, 170, 176 
Williams, D. B., 194 
Williams, E. C., 10, 12, 18, 174, 176 
Williams, K. R., 167, 176 
Willingham, C. Q., 194 
Willis, R. L., 140 
Wilson, B. S., 103, 113 
Wilson, C. D., 162 
Wilson, N.B., 113, 140,162 
Winning, W.C.. 112, 113, 130 
Wirth,W.V.,194 
Wolf,H.R..20,113 
Woods, W. W ., 162 
Woog, P.,17, 20 
Wooler, E., 20 

Wright, W. A., 38, 46, 112, 113, 138, 140 

Young, D. W., 39, 44 

Zohoorbux, F. D., 167, 176 
Zel’tsburg, A. I., 66, 87 
Zimmer, J. C., 20, 44, 46 
Zismnn, W. A., 17, 18. 39, 44. 193. 194 
Zuidema, H. H., 113, 140 
Zwahl, C. E., 20 


SUBJECT INDEX 


Abrasive wear, 164 
Acid corrosion, 101-103 
Acid treatment, 186 
Additives, 170-172, 186, 187 
Alkali hardened lead bearings, 01 
Almen test, 14, 167 
Al umin um bearings, 92 
Antifoam agents, 150, 161 
Antioxidants, 82^, 112, 132 
Antiwear agents, 161, 162, 170-172 
Apparent viscosity, 27 
Aromatics, effect on oxidation stability of 
oils, 75-77 
Asphalt, 182 
Asphaltenes, 61-63, 

ASTM viscosity-temperature chart, 33, 34 
Atlantic viscometer, 23 

Babbitt bearings, 90, 91 
Bearing corrosion 
control of, 111, 112 
mechanism of, 101-104 
tests, 98, 99 

Bearing load, effect on corrosion, 106 

Bearing metals, 98-92 

Bell and Sharp slope number, 35 

Boundary films, 6-9 

Boundary lubrication, 3-6, 8-9 

Bronze beniings, 92 

Bureau of Mines, method of analysis, 178 

Cadmium bearings, 91 
Connon-Fonsko Viscometer, 23 
Caterpillar bearing corrosion teat, 98 
Cnntipoisci, 21 
Centistoko, 23 

Chemical polishing agents, 10, 162 
Clay ti-eiitiiumt, 186, 186 
Coefficient of fri(Jtion, 2, 3, 6 
CoffcM! ground sludge, 114, 120 
ComposiLion of lubrif^ating oil, 177-180 
Centiurt angles, 174 
Coppor-lcad bearings, 91 
Corrosion and sLubility test, 99 


Corrosive wear, 166, 163-172 
Crankcase catalyst, 82, 123 
Crankcase ventilation, 106, 107, 124 
CRC gear oil tests, 16-17 
Crude oil, analysis of, 178 
Gutting oils, 141, 146, 147 
Cylinder wear, 162-71 

Dean and Davis Viscosity Index, 35, 36 
Deai^halting, 182 
Desulfurization, 77 
Dewaxing, 184, 186 
Diestera, 33, 34, 38, 191, 192 
Dispersancy, effect on bearing corrosion, 
109 

Dispeisanta, 82, 124-29, 137-39 
Distillation, 181 
Duo-Sol process, 183 

Edeleonu process, 183 
Einstein’s equation, 30 
Embeddability, 90 
Emulsifying agents, 142, 143, 147 
Emulsions, 141-47 

Engine operating conditions, effect on 
sludge and lacquer formation, 122-24 
Engler viscosity, 23, 24 
Existent coiTosivity test, 96, 99 
Extreme pressure lubricants, 12-16, 162, 
163 

Extreme pi'essure lubrication, 6, 9, 10-13 

Falcx test, 14, 15 
Fatigue, 89, 165 
Fatty acids, 63-66 
Fitz-Siinons viscometer, 23 
FI^2 testa, 116, 116 
Flocculation, 126, 127 
Fluid lubrication, 1, 3 
Fluorocarbons, 33, 34, 38, 192 
Foama, 147-161 

Four-ball appnrntus, 10, 11, 14, 15, 161-162 

J’^x^l.ting wear, 153, 156, 158 

J'^uc4 


203 



204 


SUBJECT INBEX 


effect on bearing oorroaioii, 108 
effect on rate of wear, lOS-160 
effect on sludge and lacquer formation, 
118-120 

Galling, 10, 164 
Greaae, 26-29 

Hardiman and Niasan Viecoeity Index, 36 
Heavy duty oik, 130 
Humidity cabinet, 173, 174 
Hydrodynamic lubrication, 1, 3 
Hydrogenation, 186 
H^droperoxideB, 48-61 
Hydroxy acidfl, 63-06 
Hypoid gears, 10, 16 

Inetrument oik, 18 
Interfacial tension, 126, 144, 146 

Kinematic visoosity) 23 

L-1 test, 116 
Ir3 test, 99 
L-4 test, 99, 116 
L-5 test, 09 
ti-17 test, 16 
L-19 test, 16 

Lr-20teBt, 16 

Lacquer deposik 
classification, 116 
effect on bearing corrosion, 109 
Lacquer rating scale, 118 
Lantz-Zeitfuchs viscometer, 23 
Larson and Schwaderer Viscosity Index, 
37 

Lauaon engine test, 116, 117, 182-135 
Lubricating oil 
composition, 177-180 
effect on lacquer and sludge formation, 
120-122, 124 

effect on rate of wear, 162, 163 
world-wide production, 177 

MacCouU test, 98 
Maximum pour point, 31 
McKee gage, 166 
Metal deactivators, 82, 132 


Metal passivators, 82, 110, 112, 132 
Minimum pour point, 31 
Motor oila, 86 

Multigrade motor oik, 41-42 

ndM method of analysis, 180 
Newton, 22 

Newtonian liquids, 23, 26 
Newton's law of viscous flow, 2, 21 

Oil filters, 131 
Oilineas, 6 

Oleophobic films, 17, 18, 173 
Optimum aromaticity, 75, 76 
Ostwald viscometer, 23 
Oxidation 
of aromatics, 64-68 
of cyclohexane derivatives, 50-62 
of cyclopentane derivatives, 63-54 
of naphthenes, 60-54 
of paraffins, 48-50 
of paraffin wax, 63-66 
of petroleum fractions, 60-66, 73-76 
of pure hydrocarbons, 47-69, 67-72 
Oxidation catalysts, 63, 65, 79-81 
Oxidation inhibitors, 82-86, 112, 113 
Oxidation products, 47-66 
Oxidation rates, 07-78 

Paper chromatography, 137 
'Taroflow”, 32 

Passivation of metal siirfucc's, 110 

Peroxides, 48-61, 102 

Petroff's law, 2 

Piston ring wear, 162-171 

Plastic solids, 26 

Poise, 21 

Poiseuille’s eciimtion, 21, 26 
Polyolkalene glycol, 33, 34, 38, 191 
Pour point, 30-31 
Pour point depressants, 31-32 
Pressure visc^oinotoi-H, 26-29, 40 

Quosihyflroclynamic. lubrictiiion, 4, 9 

Redwood vis{^OHit.y, 23, 24 
Ecsina, 62, 63, 84 



SUBJECT INDEX 


205 


Reyn, 22 

Reynolds number, 25 
Rotaiy disk contactor, 183 
Rust preventatives, 18, 172-174 

SAE classification of lubricants, 23, 25 

SAE test, 11, 16 

Salt spray test, 173 

Sandwich bearing, 90 

Saybolt viscosity, 23, 24 

Scuffing, 10, 154 

Series 2 oils, 130 

Shear stability of polymers, 40, 41 

SIL viscometer, 23 

Silicones, 33, 34, 38, 151, 190, 191 

Silver bearings, 92 

Sintered powdered metals, 93 

Slope number, 36 

Sludge deposition, 124, 128 

Sludge deposits, classification, 115 

Sohio oxidation and corrosion test, 98 

Solid point, 30 

Soluble oils, 141, 146, 147 

Solvent extraction, 182-184 

Spiral bevel gears, 9 

Spreading of oils, 17, 18, 174 

Stable pour point, 31 

Standard Oil Development viscometer, 29 

Sticknalip phenomenon, 4, 7 

Stirring Indiana test, 98 

Stoke, 23 

Stoke’s law, 142 

Structure of copper-load bearings, 91, 94, 
95 

Sulfur cori-osion, 103-104 
Sulfur in fuel, effect on rate of wear, 163- 
169 

Sulfur in lubricating oil, effect on oxida- 
tion stability, 77, 78 
Sunbury tost, 99 
Suixirfinish, 159 
Siirfn(?o finish, 158, 169 
Synthetic oils, 33, 34, 188-192 


effect on bearing corrosion, 106-106 
effect on rate of oxidation, 47 
Thermal diffusion, 180 
Thrust bearing corrosion test, 95, 99 
Timepiece lubricants, 18 
Timken test, 11, 14, 16 
Transition temperature, continuous to 
stick-^p sliding, 7 

Turbine oils, 46, 84, 123, 124, 141, 145, 146, 
172, 178 

Turbulent flow, 23, 25 

Ubbelohde viscometer, 23 
Underwood test, 94, 98 

Viscometers, 23 
Viscosity 

effect of rate of shear, 26-29 
effect on rate of wear, 160, 161 
Viscosity Index, 34-36 
Viscosity Index improvers, 38-41 
Visciosity Modulus, 37 
Viscosity of blends, 34 
Viscosity Pole Height, 34 
Viscosity pour point, 31 
Viscosity-pressure relationaliip, 5, 42, 43 
Viscosity-Temperature Function, 38 
ViscoHity-Temperature Rating, % 
Viscosily-temperature relationship, 32-38 
Viscous flow, 23-26 
Volatile acids, 69, 101-103 

'Waltlier equation, 32 
Water 

effect on bearing corrosion, 110, 111 
effect on oxidation rate, 123, 124 
Watennan luialysis, 77, 179 
Wax pour point, 30, 31 
Wear, 10, 163-174 
(diisHiflcuition of, 153-156 
inoiiduromcnt of, 166-168 

Zoitfuchs viscomolcr, 23 

Zinc Ixiarings, 93 

ZN/P function, 3, 4, 159, 160 


Temperature 



